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SUMMARY 
Runway s l ipper iness  research performed i n  t h e  United S ta tes  and Europe 
s ince 1968 has been reviewed. This review suggests t he  following benef i t s  
t o  t he  av ia t ion  community: Bet te r  understandi . J  of the  hydroplaning phe- 
nomena; a method f o r  predict ing a i r c r a f t  t ire , ?rf ormance on wet rllnwayr 
from a ground-vehicle braking t e s t ;  runway rubber deposi ts  i den t i f i ed  
ser ious threa t  t o  a i r c r a f t  operat ional  sa fe ty ;  methods developed f o r  
removing rubber deposi ts  and res tor ing  runway t r a c t i o n  t o  uncontaminate, 
surface leve ls ;  and developed antihydroplaning runway surfaces,  such as 
pavement grooving and pbrous f r i c t i o n  course, which considerably reduce 
the  p o s s i b i l i t y  of encountering a i r c r a f t  hydroplaning during landings i n  
r a in s  t oms .  
INTRODUCTION 
Extensive research has been performed i n  t he  United Statec and Europe 
s ince 1968 i n  an e f f o r t  t o  combat problems r e l a t i v e  t o  a i r c r a f t  operations 
on s l ippery runways. This research has led  t o  a more complete under- 
standing of the  sources of these operating problems and, a s  a r e s u l t ,  
improved methods a r e  being introduced t o  cont ro l  or  a l l e v i a t e  these prob- 
lems. The purpose of t h i s  paper i s  t o  review the  present s t a t u s  of ru;way 
s l ipper iness  research i n  t he  following areas  of i n t e r e s t :  
(1) Runway flooding during rainstorms 
(3) Iden t i f i ca t ion  of s l ippery runways i n c l u d i n ~  the  r e s u l t s  from 
ground vehicle  f r i c t i o n  measurements and attempts t o  co r r e l a t e  
these measurements with a i r c r a f t  stopping performance 
(4) Progress and problems associated with the development of 
ant  ihydropl aning runway surf ace treatment s such a s  pavement 
grooving and porous f r i c t i o n  course (PFC) 
(5) Runway rubber deposi ts  and t h e i r  removal 
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RUNWAY FLOODING DURING RAINSTORMS 
- s 
During 1971, t h e  Texas Transport  a t  i o n  I n s t i t u t e  (TTI) , Texas A&M Univers i ty  , 
published t h e  r e s u l t s  of a comprehensive s tudy  on t h e  e f f e c t s  of r a i n f a l l  < 
i n t e n s i t y ,  pavement c r o s s  s lope,  s u r f a c e  t e x t u r e ,  and drainage l eng th  on pave- 
ment water depths (ref. 1 ) .  From t h e  TTI  s tudy,  an  equat ion can be  der ived t o  i J( 
p r e d i c t  t h e  r a i n f a l l  i n t e n s i t y  requ i red  t o  i n i t i a t e  f lood ing  i n  a i r c r a f t  t i re  
- 
. . pa ths  on t h e  runway as fol.lows: 
,- - 
For ST Units: 
t - * .  .- 
For U.S. Customary Units:  
where 
IF r a i n  ratp. required t o  i n i t i a t e  runway f looding i n  
t i r e  path,  mm/hr ( i n / h r )  
T pavement s u r f a c e  texture depth  (ATD), mm ( i n . )  
L t i r e  pa th  d i s t a n c e  from runway crown, m ( f t )  
S runway c r e s s  s lope,  m / m  ( f t / f t )  
It should be noted t h a t  equat ions  (1) a r e  der ived from d a t a  obtained on ungrooved 
pavements and from pavements t h a t  have not  been t r e a t e d  with a porous f r i c t i o n  
course. Figure 1 i l l u s t r a t e s  how equat ions  (1) can be used t o  p r e d i c t  whether 
a flooded runway c o n d i t i  ;I w i l l  e x i s t  f o r  a t y p i c a l  j e t  t r a n s p o r t  landing on 
t h e  runway cen te r  l i n e  uur ing  a rainstorm. The t r e n d s  shown i n  f i g u r e  1 suggest  
t h a t  a pav,:ment must be provided wi th  a good c r o s s  s l o p e  and a good s u r f a c e  
t e x t u r e  t o  minimize t h e  r i s k  of runway f looding and dynamic hydropl.ar?ing occur- 
r i n g  t o  a i r c r a f t  during ta le-off  and landing i n  ra ins torms.  
Effect  of Surface Winds on Drainage 
I' 
Surf a c e  winds, when present  on runways, can appreciably  a f f e c t  runw.qy 
drainage by changing t h e  d i r e c t i o n  of water f low 9ff the  s i d e  of t h e  runwaj which 
tends t o  inc rease  t h e  dra inage pa th  l eng th  and inc rease  runway water depths .  
Observations of water dra inage from a wmber of runways using a dye t e s t  (sodium 
- e 
- i 
f luorescein dye in jec ted  i n t o  draining water on t h e  runway io  improve flow 
v isua l iza t ion)  suggest t h a t  sur face  winds do not  appreciably a f f e c t  water drain- 
age from runways as long as the  draining water is flowing below t h e  top of t h e  
pavement texture.  Surface winds do a f f e c t  water dra2nage from runways d e n  
flooded c o n d l ~ i o n s  e x i s t  and t h e  water i s  flowing a s  a shee t  above t h e  top of 
t h e  pavement texture.  In  the l a t t e r  ~ a s e ,  t h e  water drainage-path angle  with 
respect t o  t h e  runway center l i n e  is determined from the  vector  sum of t h e  w i n d  
and g rav i t a t i ona l  forces  ac t ing  on the  water. Typtcal exai..ples of t h i s  behavior 
a r e  shown i n  f i gu re  2 (ref .  2) where the  water drainage pa t te rns  (from a dye 
t e s t )  obtained on a conventional burlap drag and a wire-combed ( 2 l a s t i c  grooved) 
concrete runway surfaces during a r t i f i c i a l  wetting tests performed i n  a 10-knot 
surface wind a r e  compared. The average t ex tu re  depth (ATD) of t h e  ungrooved 
burlap drag sur face  was 0.28 mm (0.011 in.)  a s  measured by the  NASA grease test. 
This tex ture  depth was in su f f i c i en t  t o  prevent sur face  flcoding under t he  
a r t i f i c i a l  wetting conditions,  and the  water drainage path d i rec t io-  was ro ta ted  
toward the  runway center  l i n e  by the  ac t ion  of t he  sur face  wind. Unaer t he  
same sur face  wetting and wind condition, t h e  grooved concrete sur face  with an  
ATD of 0.81 mn (0.032 in.)  allowed most of t h e  draining water t o  flow below t h e  
top of t he  sur face  tex ture  (unaffected by wind). As a consequence, t he  water 
drainage path on t h i s  sur face  was nearly i n l i n e  with the  t ransverse grooves 
and the runway cross  slope. 
Flooding on Grcoved Runways 
NASA has constructed a concrete  runway 4372 m (15 000 f t )  long and 91 m 
(300 f t )  wide a t  t he  Kennedy Space Center (KSC) f o r  the space shu t t l e .  (See 
f ig .  3.) A longi tudinal  broom surfacing treatment was given the  f r e sh  concrete  
as it w a s  paved by a slip-form paver (f ig .  4). The concrete runway surface 
several  months a f t e r  paving was grooved by diamond saws t o  a t ransverse  
1 1 1  29 x 6 x 6 mu (lB x x in . )  pa t te rn  with t h e  r e su l t i ng  sur face  t ex tu re  
shown i n  f i gu res  5 znd 6. The Langley Research Center (LaRC) performed drainage 
and t r ac t ion  s tud ie s  on t h e  space s h u t t l e  runway i n  June 1976. 
On June 20, 1976, t h e  Cape Canaveral a r ea  was subjected t o  a s e r i e s  of 
thunderstorms during which heavy r a i n  f e l l  on the  s h u t t l e  runway. Figure 7 
shows the  r a i n  r a t e s  and surface flooding t h a t  occurred on the  s h u t t l e  runway 
during a 30-minute period a s  one of t he  thunderstorms passed over t h e  runway. 
The space s h u t t l e  runway is oriented i n  a northlsouth d i rec t ion ;  a wind of 
approximately 10 knots magnitude from the  southwest was observed during t h e  
storm. For t h i s  wind condition, t h e  da ta  i n  f i gu re  7 show t h a t  a r a in  r a t e  of 
approximately 8 1  m / h r  (3.2 i n /h r )  i s  required t o  s ~ a r t  runway flooding i n  t he  
s h u t t l e  main gear tire paths (landing on runway center  l i n e ) .  
The predicted r a i n  r a t e  (from eqs. (1)) required t o  flood the  runway i n  t he  
s h u t t l e  main t i r e  path is 47.1 m / h r  (1.85 i n l h r )  . This d i f fe rence  between 
observed (81 mmlhr (3.2 i n / h r ) )  and estimated (47.1 mmlhr (1.85 i n l h r ) )  r a i n  
r a t e s  qives added weight t o  f ea tu re s  long observed on runways grooved with a 
diamond saw technique; t h a t  is, the  polished groove channels (from the diamond 
saw cucs) grea t ly  reduce va t e r  fl3w res i s tance  over water drainrng through and 
over t he  comparatively lnuch rougher tex ture  of conventional surf  ace treatments. 
I n  addi t  ion, the  dra in ing  water is forced by the  groove channels t o  t ake  t h e  
shor tes t  drainage path (down the  grooves) o f f  t he  runway edge even on runwals 
with longi tudinal  slope. A s  a consequence, water drainage from runways grooved 
with the  diamond s a w  technique is  g rea t ly  increased over ungrooved runway 
surfaces.  (See f i g .  8 . )  I t  is beiieved t h a t  p l a s t i c  grooving techniques a r e  
not as e f f e c t i v e  a s  t he  sawed groove technique f o r  water drainage because t h e  
grooves can be interrupted o r  ffiisalined a t  paving lane  edges and the  groove 
channels have rougher wal l  surfaces .  
Flooding on Porous F r i c t i o n  Course Runways 
Water drainage from the  porous f r i c t i o n  course (PFC) runway a t  Farnborough, 
England, was personall: observed during a heavy r a i n  in 1965 and the  runway d id  
not flood while adjacent conventional sur faces  did.  Most PFC su r f aces  a r e  
19 am (314 in.)  th ick  and have void r a t i o s  ranging between 0.1 and 0.15, which 
give t h i s  surface treatment a high water s to rage  capaci ty  before  t h e  surEace 
floods. However, water drainage over and through t h i s  sur face  treatment is 
i n t e r s t i t i a l  with many abrupt flow d i r ec t i on  changes a s  wel l  a s  rough flow 
surfaces.  Consequently, t he  drainage-path lengths  w i l l  be longer f o r  a PFC 
surface than f o r  a grooved surface,  e spec i a l l y  on runways with longi tud ina l  
slope. For these  reasons,  i t  is believed, but not ye t  subs tan t ia ted ,  t h a t  PFC 
surfaces  w i l l  not d r a i n  water from runways a s  e f f ec t i ve ly  a s  grooved sur faces  
(dfamond saws) during prolonged r a i n f a l l s  having high r a i n f a l l  r a t e s .  
HYDROPLANING 
The three  present ly  known types  of hydroplaning were f i r s t  defined i n  
ref er=nce 2, t h a t  is, dynamic, viscous,  and "reverted" rubber hydroplaning. 
Continuing research on hydroplaning s ince  t ha t  time has i l l  general  supported t h e  
conclusions reached i n  reference 2. However, t h i s  later research has shown new 
aspects  of hydroplaning t h a t  a r e  s ign i f i can t  8r1d . E  importance t o  descr ibe.  
Wheel Spin-Up Speed 
G r l y  (1960) NASA t r ack  hydroplaning reseqrch was conducted by r o l l i n g  
fu l l - s i ze  unbraked a i r c r a f t  tires across  dry and flooded runway sect ions.  The 
a i r c r a f t  tire spun up at touchdown on the  d ry  p a v a e n t  and then entered t h e  
flooded runway sec t ion  a t  synchronous runway wheel speed and subsequently spun 
down o r  stopped completely when the  ca r r i age  speed equaled o r  exceeded the  tire 
hydroplaning speed. This type of t e s t  defined the  well-known t i re  hydroplaning 
speed equation ( re f .  3) , which is given a s  follows: 
For SI Units: 
("p) spin-down 3.43 fi 
For U.S. Customary Units:  
PP) spin-down 2 9 'rp 
where 
('4 sp indown t i r e  spin-down hydroplaning speed, knots  
P 
2 t i r e  in f  i a t i o n  p ressure ,  kPa ( l b l i n  ) 
Since  1960, t h e  a i r c r a f t  i n d u s t r y  has  used t h i s  equat ion t o  d e f i n e  t h e  
hydroplaning spee6 f o r  p a r t i c u l a r  a i r c r a f t  and a i r c r a f t  f l i g h t  manuals. S t a r t i n g  
i n  1970, i n v e s t i g a t i o n  of a i r c r a f t  hydrcplaning a c c i d e n t s  suggested t h a t  t h e  
spin- lp  hydroplaning speed f o r  a nonro ta t ing  a i r c r a f t  t i r e  (as at a i r c r a f t  
touc!a.m) might be lawer i n  magnitude t h a n  t h e  speed p red ic ted  by equa t ions  (2) 
f o r  a r o l l i n g  unbraked tire. (See r e f s .  4 and 5.) P.s a consequence, r e fe r -  
ences 6 and 7 def ined t h e  t i re  wheel spin-up hydroplaning speed on flooded 
runways a s  
For S I  Units:  
- 2.93 v'ji ('P) spin-up - 
For U.S. Customary Uni ts :  
- 7.7 ,.p ('P! spin-up - 
where 
iVP) spin-up t i r e  spin-up hydroplaning speed,  knots  
2 
P t i r e  i n f l a t i o n  p ressure ,  kPa ( l b / i n  ) 
Addit ional  v e r i f i c a t i o n  of t h i s  new hydroplaning equat ion (eqs. (3))  is given 
i n  re fe rence  8 and shown i n  f i g u r e  9. It i s  important t h a t  a i r c r a f t  f l i g h t -  
manual hydroplaning speeds be changed t o  r e f l e c t  t h e  va lues  given by equa- 
t i o n s  (3) s i n c e  t h i s  hydroplaning speed r e p r e s e n t s  t h e  a c t u a l  t i r e  s i t u a t i o n  
fo r  a i r c r a f t  touchdown on flooded runways. 
Reverted Rubber Hydroplaning 
Reverted rubber hydroplaning was f i r s t  recognized and def ined from f r  i c  t ion 
d a t a  produced a t  t h e  Langley landing-loads t r a c k  ( r e f .  2 ) ,  now c a l l e d  t h e  
Langley a i r c r a f t  landing loads  and t r a c t  ion f a c i l i t y ,  and from i n v e s t i g a t i o n  of 
NTSB (National Transpolcat ion Safe ty  Board) a i r c r a f t  skidding acc iden t  r e p o r t s  
p r i o r  to 1965. (Data from t h e  Langley landing-loads t r a c k  o r  t h e  Langley air- 
c r a f t  landing loads  and t r a c t i o n  f a c i l i t y  a r e  h e r e i n  a f t e r  des ignated "NASA 
t r a c k  data ,"  and t h e  f a c i l i t y  is designated "NASA track.")  Fu l l - sca le  a i r c r a f t  
v e r i f i c a t i o n  of t h e  extremely low f r i c t i o n  v a l u e s  encountered during rever ted  
rubber hydroplaning d i d  not occur u n t i l  t h e  a i r c r a f t  f l i g h t  t e s t  programs t h a t  
are repor ted  i n  r e f e r e n c e s  9 t o  11. These f l i g h t  test programs were conducted 
in 1971-73. Figure  ;O shows t h e  rever ted  rubber sk id  patch developed on a 
B-737 t i r e  dur ing a landing run  on t h e  a r t i f i c i a l l y  w e t  runway a t  Roswell, 
New Mexico, a f t e r  an approximately 1829-m (6000-ft) s l ide-out  wi th  a l l  four  
main gear  tires of t h e  B-737 i n  a locked-wheel condi t ion.  Figure  11 shows t h e  
comparison between t h e  Langley f r i c t i o n  r e s u l t s  of 1965 and t h e  B-727 (1971) 
and t h e  B-737 (1973) f u l l - s c a l e  braking t e s t s .  The a i r c r a f t  f r i c t i o n  da ta  
shown in t h i s  f i g u r e  completely v a l i d a t e  t h e  1965 NASA t r a c k  d a t a  and confirm 
t h e  b e l i e f  t h a t  t h e  rever ted  rubber sk id  mode is t h e  most c a t a s t r o p h i c  f o r  a i r -  
c r a f t  o p e r a t i o n a l  s a f e t y  because of t h e  low braking f r i c t i o n  and t h e  a d d i t i o n a l  
f a c t  t h a t  t i re  corner ing c a p a b i l i t y  d rops  t o  ze ro  when wheels a r e  locked. (See 
r e f .  8.) 
The rever ted  rubber hydroplaning cond i t ion  i s  l imi ted  t o  a i r c r a f t  us ing 
high t i r e  i n f l a t i o n  pressures .  Th i s  khenomenon has  not been observed on ground 
v e h i c l e s  employing low t i r e  i n f l a t i o n  p ressures  of 165 kPa (24 l b l i n 2 )  o r  l e s s  
when v e h i c l e  wheels a r e  locked. Reverted rubber hydroplaning de1relops only 
when prolonged wheel lockups occur which s t e m  from p i l o t l a n t i s k i d  braking s y s t e r  
inpu t s .  Thus, t h e  avoidance of rever ted  rubber hydroplaning must r e s t  wi th  
improving p i l o t  brakiqg procedures and wi th  improving locked-wheel p r o t e c t i o n  
c i r c u i t s  of a i r c r a f t  a n t i s k i d  braking systems. (See r e f .  8.) 
Combined Viscous and Dynamic Hydroplaning 
Most r e s e a r c h e r s  now agree  t h a t  t h e  l o s s  of t i r e  f r i c t i o n  on wet o r  flooded 
A 
pavements wi th  speed is due t o  t h e  combined e f f e c t s  of v iscous  and dycamic 
hydroplaning phenomena a c t i n g  i n  t h e  ,ire f o o t p r i n t  a s  shown i n  f i g u r e  12 .  The 
t ire hydroplaning model shown i n  t h i s  f i g u r e  was f i r s t  proposed by Gough i n  
1959 i n  re fe rence  12. (See a l s o  r e f .  13.)  The f o o t p r i n t  and sketch i n  t h i s  
f i g u r e  show a pneumatic r o l l i n g  a t  medium speed a c r o s s  a flooded pavevent. For 
t h i s  p a r t i a l  hydroplaning cond i t ion ,  zone 1 d e s c r i b e s  t h e  f r a c t i o n  of the  t i r e  
f o o t p r i n t  t h a t  is supported by bulk  water ,  zone 2 d e s c r i b e s  t h e  f r a c t i o n  of t i r e  
f o o t p r i n t  t h a t  is supported by a t h i n  water f i l m ,  and zone 3 d e s c r i b e s  t h e  
f r a c t i o n  of t h e  t i r e  f o o t p r i n t  t h a t  is  i n  e s s e n t i a l l y  dry  con tac t  with t h e  peaks 
of t h e  pavement s u r f a c e  t e x t u r e .  The l e n g t h  of zone 1 r e p r e s e n t s  t h e  time 
required f o r  t h e  r o l l i n g  t i r e  f o r  t h i s  speed cond i t ion  t o  expel bulk water from 
under t h e  f o o t p r i n t ;  correspondingly,  t h e  l eng th  of zone 2 r e p r e s e n t s  t h e  tirr.e 
required f o r  t h e  t i r e  t o  squeeze out t h e  r e s i d u a l  t h i n  water f i l n ~  remaining 
under the  f o o t p r i r ~ t  a f t e r  t h e  bulk water has  been removed. Since  f l u i d s  cani.at 
develop shear  f o r c e s  of apprec iab le  magnitude, i t  is only in  zone 3 (er ; e n t i a l l y  
dry  region)  t h a t  t r a c t i o n  f o r c e s  f o r  s t e e r i n g ,  d e c e l e r a t i n g ,  and a c c e l e r a t i n g  
a c e h i c l e  c . 7  be developed between t h e  t i r e  and t h e  pavement. The r a t i o  of the  
dry contact  area (zone 3) t o  t he  t o t a l  t i re  foo tp r in t  a r e a  (zorhe 1 + zone 2 
+ zone 3) mul t ip l ied  by the  f r i c t i o n  coe f f i c i en t  the  t ire develops on a dry  
pavement y i e ld s  t he  f r i c t i o n  coe f f i c i en t  t he  t i re  can develop f o r  t h i s  flooded 
pavement and speed condition. 
A s  speed is increased, a point  is reached where zone 3 disappears  and t h e  
e n t i r e  foo tp r in t  is supported by e i t h e r  bulk water o r  a t h i n  water fi lm. This  
speed condition is ca l l ed  combined viscous and dvnanic hydroplaning. A s  speed 
is fu r the r  increased a point is reached where bulk water pene t ra tes  t h e  entire 
t i r e  foo tp r in t .  This condi t ion i s  ca l l ed  dynamic hydroplaning. I f  t h e  runway 
is not flooded (no bulk water) such a s  on a runway covered with a heavy dew, it 
is poss ib le  fo r  zone 2 t o  cover t he  e n t i r e  t i re  foo tp r in t  at speed i f  t h e  pave- 
ment Ls very smooth. This condi t ion i s  ca l l ed  viscous hydroplsning. 
Water Pressure Propagation Under t h e  T i r e  Footpr int  
NASA t r ack  research ( re f .  2) shows tha t  t h e  f l u i d  pressure developed i n  
t h e  bulk water (zone 1 )  region of t h e  foo tp r in t  follows a v2 law and stems 
from f l u i d  i n e r t i a l  o r  dens i ty  p rope r t i e s  a s  shown i n  f i gu re  12. Correspondingly, 
t h i s  -,search shows that t h e  f l u i d  pressure developed i n  zone 2 ( f ig .  12) stems 
f r m  i l u i d  viscous proper t ies ;  hence, t h e  names dyr.amic and viscous hydroplaning 
a r e  used t o  descr ibe  t h e  hydroplatling phenomena. 
Pavement Macro/Microtexture Ef fec t s  on Hydroplaning 
When flooding on a runway occurs, t h e  pavement sur face  macrotexture p lays  
t he  irpo-tanC r o l e  of providing escape channels t o  d r a i n  bulk water from zone 1 
( f i g  ) The drainage channels a r e  provided by the  t i re  t read draping over 
t h ~  \igh spots  ( a spe r i t i e s )  of t he  pavement sur face  t ex tu re  leaving va l l eys  
: tween the  t i re  t read  and t h e  low poin ts  of t h e  sur face  t ex tu re  through which 
bulk water can e a s i l y  d ra in  out from under t h e  t i r e  foo tpr in t .  Bulk water 
drainage through the  pavement macrotexture thus  delays t o  much higher speeds 
the  buildup af f l u i d  dynamic pressure with speed foucd f o r  pavements with no o r  
poor macrotexture. This e f f e c t  is i l l u s t r a t e d  i n  f i g u r e  12  fo r  smooth and 
grooved pavements. The macrotexture of a pavement can be assessed t o  some 
degree by methods such a s  t he  NASA grease t e s t  ( r e f .  14) ,  t h e  B r i t i s h  sand patch 
t e s t  ( re f .  IS),  and t h e  Texas Transportat ion I n s t i t u t e  s i l i c o n e  put ty  test 
fp2 f .  16). 
Providing the  pavement with a good microtexture i s  the  major means of 
combating viscous hydroplaning or  pxcventing the  development of viscous f l u i d  
pressures  i n  zone 2 of the t i r e  foo tp r in t .  (See f i g .  12.)  Pavement microtexture  
is  d i f f i c u l t  t o  de t ec t  by eye but can usual ly  be determined from touching t h e  
surface.  A good pavement microtexture has a sharp-harsh-grit ty f e e l  such a s  
obtained when touching f i n e  sandpaper. The touch t e s t  i s  q u a l i t a t i v e  and not 
i n f a l l i b l e  and should be ronf i r sed  by ground vehic le  f r i c t i o n  t e s t s  under w e t  
conditions.  Pavement m i c ~ o t e x t u r e  performs its funct ion by providing the  pave- 
ment sur face  thousznds of sharp pointed pro jec t ions  t h a t ,  when contacted by t h e  
t i re t read,  gcnerate l o c a l  bearing pressures  of severa l  ihousand Pa ( lb / in2) .  
This intense pressure quickly breaks down the  t h i n  water f i lm coating the  pave- 
m e n t  surface, and allows the tire t o  regain dry contact with the  high points  of 
the pavement surface texture. 
Ti re  Effects  on Hydroplaning 
The footprint  of the  tire can be considered analogous t o  the  wing on an 
a i r c ra f t ;  both are l i f t i n g  surfaces, the  wing t o  support the  weight of the  a i r -  
c r a f t  i n  f l i g h t  through the  atmosphere and the  tire footpr in t  t o  support the  
weight of the  vehicle during hydroplaning on a w e t  o r  flooded pavement. Wings 
of high aspect r a t i o  (wing lengthlchord length) reduce t i p  losses and produce 
the highest l i f t  coeff icient  t o  support the  a i r c r a f t  i n  f l igh t .  Research shows 
the same trends fo r  tire footprints .  Smooth tread tires having high-aspect- 
r a t i o  footprints  (footprint  widthlfootprint length) f o r  s imilar  conditions of 
flooded pavement, load, and in£ lat ion pressure w i l l  hydroplane a t  lower vehicle 
speeds than tires with low-aspect-ratio footprints .  The aspect r a t i o  of t h e  
t i r e  footprint  is governed by the  shape of the  tire cross sect ion o r  the  r a t i o  
of tire sect ion height t o  sect ion width (also cal led the  t ire aspect r a t io ) .  
Molding grooves (channels) i n  the  tire tread a t  t i m e  of construction is 
the t ire designers equivalent of pavement macrotexture. The tread grooves in 
the t i r e  footprint  a r e  vented t o  atmosphere and provide escape channels f o r  the  
bulk water trapped i n  zone 1 (fig.  12). Tread grooves thus r a i s e  the  c r i t i c a l  
water depth required f o r  a t i r e  t o  su f fe r  dynamic hydroplaning, and fo r  water 
depths less than the  c r i t i c a l  depth, r a i s e  the  t ire hydroplaning speed. It 
should be noted tha t  the  benef i t s  from grooving the  tire tread decrease i n  
proportion t o  t read wear (depth of groove) and vanish when the  groove depth 
decreases t o  1.6 nm (1116 in.) o r  less .  The t i r e  designers equivalent of 
pavement microtexture is t o  cut  o r  mold kerfs  or  s ipes  i n t o  the  tread r i b s  t h a t  
l ie  between the  tread grooves. The purpose of these fea tures  is t o  grea t ly  
increase the  number of sharp edges of tread contact with the  pavement tha t  a r e  
provided by the  tread grooves. Contact of the  pavement surface a t  these sharp 
cornered tread s i p e  and groove edges crea tes  l o c a l  bearing pressures su f f i c i en t ly  
high t o  quickly breakdown and displace the  th in  water f i lm  (zone 2, f ig .  12) 
that  c rea tes  viscous hydroplaning. 
The ve r t i ca l  load acting on a t i r e  divided by the  t i r e  footpr in t  a rea  
determines the average tire-pavement contact pressure. For smooth tread tires, 
t h i s  contact plessure is  approximately equal o r  proportional t o  the  tire inf la-  
t ion  pressure. The difference i n  the  pressure within and without (atmospheric 
pressure) the  t i r e  footprint  c rea tes  forces which expel the  water trapped i n  
the tire-pavement contact zone a t  ve loc i t i e s  which a r e  proportional t o  the  
square root of the  t ire tread-pavement contact pressures. Thus, increasing the  
inf la t ion  pressure i n  a t i r e  increases the  r a t e  of flow of water drainage out 
of the  footprint  and r a i s e s  the  t ire hydroplaning speed. When grooves are cut 
or molded in to  a t i r e  t read t o  form a tread pattern, the  area  of ac tua l  rubber 
contact with the pavement i n  the  tire footprint  is reduced. The r e s u l t  is tha t  
the  contact pressures on the  r i b s  of the tread pat tern  a r e  increased which 
increases the  r a t e  of flow of water draining out of the  footprint .  This f ac t  
explains the effectiveness of t i r e  t read pat terns  i n  improving wet t r ac t ion  o r  
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delaying hydroplaning e f f e c t s  on w e t  or  flooded pavements t o  higher speeds. It 
should be noted tha t  while tire tread designs can reduce wet runway t r ac t ion  
losses, the  improvements obtained a r e  r e l a t ive ly  small i n  canparison t o  what 
can be obtained by providing the  pavement with a good micro/macrotexture 
(ref. 7), and these improvements disappear when the  tread hecomes worn. 
Ti re  Operating Mode Effects  on Hydroplaning 
The tire operating mode is controlled by the  vehicle operator (p i lo t  o r  
driver).  Depending upon the  maneuver required, t h e  vehicle tires may b e  under- 
going f r e e  ro l l ing ,  braked ro l l ing ,  yawed ro l l ing ,  powered ro l l ing ,  a combina- 
t ion  of braked and yawed ro l l ing ,  o r  a comSination of powered and yawed rol l ing.  
P h h m  lateral o r  s teer ing  forces f o r  the  tire occur when the  tire is nei ther  
braked nor powered (driven by the  engine). Correspondingly, maximum t r ac t ion  
fo r  accelerat ing o r  decelerating the  vehicle develops when the  vehicle Is m w i n g  
s t r a igh t  ahead (unyawed) and the  tires are not developing l a t e r a l  forces t o  with- 
stand a cross wind o r  t o  conduct a turning maneuver. I f  the  dr iver  appl ies  power 
t o  the  vehicle driving wheels i n  excess of the  tire-pavement f r i c t i o n  capa- 
b i l i t y ,  the  t ire loses  its g r i p  on the  pavement, and the  wheel w i l l  start t o  
spin up with respect t o  the  pavement. The resul t ing  r e l a t i v e  motion between the  
tire and t h e  pavement under w e t  conditions increases viscous-dynamic hydroplaning 
e f f e c t s  and t r ac t ion  f o r  accelerat ing and s teer ing  the  vehicle is grea t ly  
reduced. 011 the  other hand, i f  the  p i l o t  o r  d r ive r  braking demand (brake appli- 
cat ion) exceeds the  t i r e p a v e w n t  f r i c t i o n  capabil i ty,  the  tire loses  i ts  g r i p  
with the  pavement a d  rapidly spins down t o  a locked-wheel condition. This is 
the  most hazardous tire operating mode f o r  vehicle operational sa fe ty  (refs.  7, 
8, and 17) because the  tire cornering capabi l i ty  drops t o  zero even on dry 
pavements and vehicle d i rec t ional  s t a b i l i t y  is grea t ly  reduced. Research shows 
tha t  on w e t  and flooded pavements, both viscous and dynamic f lu id  pressures 
increase in magnitude under the  s l id ing  tire footpr in t  over those obtained for  
a ro l l ing  t ire f o r  the  same speed condition. The r e s u l t  Is t h a t  locked-wheel 
s l id ing  or  nonrotating tires have a lower hydroplaning speed than r o l l i n g  tires 
(compare eqs. (2) and (3)). Under p a r t i a l  hydroplaning conditions on w e t  
runways, the  braking t rac t ion  can be reduced by a s  much a s  one-third t o  
--thirds the  maximum obtained during the  braked ro l l ing  mode from t h i s  enhanced 
hydroplaning e f fec t  a s  shown i n  f igure  11. (Compare with psud fo r  
normal rubber .) 
Predict ion of Ti re  Braking and Cornering Characteris t ics  on Wet Runways 
The description of the  hydroplaning process given i n  the preceding para- 
graphs was taken from the  preamble of an empirically derived combined viscous- 
dynamic hydroplaning theory which is being developed by Home (LaRC) and Nerritt 
(FAA, Fl ight  Standards). This theory is presently being refined and tested by 
using NASA track tire data and data  obtained from aircraft-ground ve!-.icle runway 
test programs. The theory was f i r s t  exposed t o  public view a t  the  FAA/Industry 
Meeting on Runway Traction and Rational Landir& Rule (Washington, D. C. ) , 
February 11-13, 1975. The theory is being used t o  develop tire-runway f r i c t i o n  
models f o r  f l i g h t  simulator research conducted under NASA Contract ( re f .  18),  
and is being used by NASA t o  a s s i s t  NTSB i n  the  inves t iga t ion  of a i r c r a f t  
skidding acc idents  on w e t  runways. 
One of t h e  f i r s t  major accomplishments of the  theory is  the development 
of a simple method f o r  transforming experimental f r i c t i o n  measurements made by 
a vehic le  using one tire operat ing mode on a wet pavement to predict ion of 
braking and cornering f r i c t i o n  c o e f f i c i e n t s  f o r  o ther  t ire s i z e s  and d i f f e r e n t  
tire operat ing modes f o r  t h i s  same wet pavement condition. The method is 
described herein with the  a id  of f i gu res  1 3  and 14 f o r  t he  case of a diagonal- 
braked vehic le  (DBV) f r i c t i o n  rneasuremenc of t h e  wet runway a t  Roswell, New 
Mexico, and t h e  corresponding predict ion of a 8-737 main gear t i r e  f r i c t i o n  
performance f o r  t he  same runway wetness condition. 
The DBV method f o r  evaluat ing the  s l i ppe r ines s  of wet runways is t o  lock 
a diagonal p a i r  of wheels on a four-wheel ground vehic le  a t  a speed of 52.2 knots 
and dece lera te  :he vehic le  t o  a s top under both wet and dry runway conditions.  
(See r e f .  19.) The vet-dry stoppzng d is tance  r a t i o  (SDR) obtained is  an  index 
t o  the  s l i ppe r ines s  of the  runway surface; the hfgher the SDR, the  s l i p p e r i e r  
the  runway is under wet conditions.  The upper l e f t  plot  shown i n  f i g u r e  13 
descr ibes  t he  va r i a t i on  of DBV ground speed with time during a t ? p i ~ ; l  DBV t e s t  
run a t  Roswell during the  B-737 f l i g h t  t e s t  program described i n  references 10  
and 11. This  speed t i m e  h i s to ry  was d i f f e r en t i a t ed  with respect t o  time t o  
obtain the  curve f o r  DBV pskid against  speed shown i n  the upper r i g h t  p lo t  
of f i g u r e  13. The values of DBV I.cskid were obtained from the equaticn 
DBV Pskid = 2 
- braked 
- 3  unbra ked ] 
The viscous-dynamic hydroplaning theory s t a t e s  tha t  any experimentally 
obtained va r i a t i on  of t i r e  f r i c t i o n  coe f f i c i en t  with speed on a wet pavement 
can be converted t o  an equivalent nondimensional hydroplaning-parameter (7)- 
speed-ratio form (lower l e f t  p lo t  of f i g .  13) by means of the re la t ionships  
v 
Speed r a t i o  = -G 
v~ 
where 
vdry c h a r a c t e r i s t i c  dry f r i c t i o n  coe f f i c i en t  f o r  t ire 
b e t  experimental o r  predicted f r i c t i o n  coef f ic ien t  f o r  wet 
pavement cond it ions 
u~ ground speed 
"P characteristic t i r e  hydroplaning speed (obtained from eqs. (2)) 
F tire-pavement drainage c h a r a c t e r i s t i c  o r  hydroplaning 
parameter f o r  pavement 
5. 9 f o r  locked-wheel s l i d i n g  (nonrotating t i r e )  
f~ ? f o r  brakel  o r  yawed r o l l i n g  ( ro t a t ing  t i r e )  
The theory def ines  pdry zs t he  maximum f r i c t i o n  coe f f i c i en t  obtainable  on a 
dry pavement under braked r o l l i n g  , yawed ro l l i ng ,  o r  locked-wheel s l i d i n g  
conditions a t  low speed (VG < 2 knots). For a i r c r a f t  tires, pdry may be 
calculated from the  following equation (derived from re f .  20) : 
For S I  Units: 
For U.S. Customary Units: 
where 
2 
P tire i n f l a t i o n  pressure,  kPa ( l b l i n  ) 
The value of pdry f o r  ground-vehicle tires must be determined e:- ?erimentally . 
Typical values of pdry found.-for ground-vehicle f r i c t i o n  measuring devices 
a r e  l i s t e d  i n  t a b l e  1. I f  pdry" 1.15 and Vp = 44.1 knots (from eqs. (2)) 
in equations (5) and (6), respect ively,  t he  curve fo r  DBV pskid aga ins t  VG 
of f i gu re  13 is converted t o  t he  curve fo r  VL agains t  VG shown i n  the  lower 
l e f t  p l o t  of f i gu re  13. The curve of PR ( r o l l i n g  t i r e )  s3own i n  t h i s  l a t t e r  
p lo t  w a s  obtained with the  a i d  of f i gu re  14 which i s  empirically derived from 
NASA t r a c k  a i r c r a f t  t i r e  da ta  i n  t he  viscous-dynamic hydrcplaning theory. 
The theory suggests t h a t  a l l  experimental pneumatic t i r e  f r i c t i o n  coef f i -  
c i e n t s  ( a i r c r a f t  or  ground vehicle) ,  when converted t o  nondimensional form, 
w i l l  condense along e i t h e r  t h e  yL curve (locked-wheel braking t e s t s )  o r  t he  
FR curve (peak-braking o r  yawed-rolling t e s t s )  i f  t h e  co r r ec t  values f o r  udry 
and Vp f o r  t he  t i r e  condit ions a r e  used, and the paven-at rnicro/macrotexture 
and wetness condit ions remain constant f o r  t h e  pavement during the tests. 
Predic t ion  of f r i c t i o n  c o e f f i c i e n t s  f o r  any other  t i r e  s i z e  and i n f l a t i o n  
pressure simply requi res  multiplying e i t h e r  vL or YR i n  f i gu re  13  by the  
appropriate  Pdry value f o r  t he  desired t i r e  condit ion and the  speed r a t i o  
Vc/Vp by the  approp,iate value of Vp f o r  the des i red  t i r e  condition f o r  each 
da ta  point ( ~ , v ~ / v ~ ) .  For the B-737 t i r e  f r i c t i o n  coe f f i c i en t  predict ion 
shown i n  f i gu re  13, pdr = 0.75 and Vp = 115.6 knots were used. These values 
were predicted by the  ~ - y 3 7  t e s t  t i r e  i n f l a t i o n  pressure of p = 1137 kPa 
(165 lb/ in2) .  Figure 13  shows t h a t  t h e  predic t ion  of t he  theory using DBV t e s t  
da ta  is within reasonable agreement of t he  NASA t r a c k  f r i c t i o n  da t a  over the 
speed range s tudied f o r  t h e  B-737 tire. 
IDENTIFICATION OF SLIPPERY RUNWAYS 
A main goal  of runway s l i ppe r ines s  research has been t o  f i nd  ways t o  
i den t i fy  s l ippery  runways s o  t h a t  such runways can be remedied and made safe 
f o r  a i r c r a z t  adverse weather operation. It has always been rea l ized  tha t  i t  
would be very expensive and impract ical  t o  u t i l i z e  spec i a l ly  instrumented air- 
c r a f t  f o r  t h i s  purpose; therefore,  much research a t t e n t i o n  has been devoted t o  
developing s u i t a b l e  ground-vehicle f r i c t i o n  measuring techniques and equipment 
f o r  t h i s  purpose. Since 1968, extensive aircraf t lground-vehicle  runway research 
programs have been car r ied  out i n  t h i s  country and abroad t o  f i nd  a so lu t ion  t o  
t h i s  problem (refs .  9 t o  11, 19, and 21 t o  26), and t o  answer the  fundamental 
questions : 
I (1) Do f r i c t i o n  measuring devices c o r r e l a t e  between themselves? i (2) Do f r i c t i o n  measuring devices c o r r e l a t e  with a i r c r a f t  t i r e  
I performance on wet runways? 
(3) Do f r i c t i o n  measuring devices  c o r r e l a t e  with a i r c r a f t  stopping 
performance on w e t  runways? 
I 
1 
I The scope of t h i s  aircraft/ground-vehicle co r r e l a t ion  problem is indicated 
I by the  da t a  t rends  shown i n  f i gu res  15  and 16. It can be seen t h a t  t he  d a t a  
obtained by t h e  various f r i c t i o n  measuring devices  and two a i r c r a f t ,  a l l  of 
which u t i l i z e  d i f f e r en t  t i r e  operat ional  modes i n  t e s t i ng ,  l i t e r a l l y  f i l l  t h e  
f igures ,  and poor co r r e l a t ion  between ground vehic le  t o  ground vehicle ,  ground 
vehic le  t o  a i r c r a f t ,  and a i r c r a f t  t o  a i r c r a f t  is  indicated. The da t a  i n  f ig-  
ures  15 and 16 were obtained from references 21, 22, and 27. 
Ground-~ehiclel~round-Vehicle Correlat ion 
Ground-vehiclelground-vehicle co r re l a t ion  is complicated by t h e  f e c t  ?hat 
the  t i r e  s i ze s ,  operating modes, and i n f l a t i o n  pressures,  a s  well a s  t e s t  speed 
o r  test speed ranges, used by the  ground-vehicle devices i n  measuring runway 
s l i ppe r ines s  a r e  usua l ly  s i g n i f i c a n t l y  d i f f e r e n t .  His tor ica l ly ,  most correla-  
t i o n  attempts between devices have compared the  measurement output of one 
device aga ins t  tha t  of another a s  shown i n  f igures  17 and 18. These f igu res  
compare l/SDR f o r  t he  DBV against  t he  Mu-Meter f r i c t i o n  reading. Both measure- 
ments of runway s l i ppe r ines s  were obtained under i d e n t i c a l  runway wetness 
conditions on many d i f f e r e n t  runway surfaces tes ted  by USAF ( f ig .  17 (data 
from r e f .  28)) and FAA ( f i g ,  18 (data from r e f .  29)) .  The d a t a  shown i n  both  
f i g u r e s  e x h i b i t  similar t r e n d s  and i n d i c a t e  very poor c o r r e l a t i o n  between a 
device  (DBV) which measures v e h i c l e  s topping d i s t a n c e  over a speed range of 
52.2 t o  0 knots  w i t h  d iagona l  wheels locked and a yawed-rolling t r a i l e r  which 
measures t i re  corner ing f o r c e  a t  cons tan t  yaw ang le  ($ = 7.5') and cons tan t  
speed (VG = 34.8 knots)  f o r  t h e  wet runway s u r f a c e s  i n v e s t i g a t e d .  A s i m i l a r  
t rend is noted f o r  t h e  Roswell smooth concre te  runway s u r f a c e  shown i n  f i g -  
u r e  19. I n  t h i s  i n s t a n c e  only  one runqlay s u r f a c e  was t e s t e d ,  but  t h e  runway 
wetness cond i t ion  (water depth)  v a r i e d .  These d a t a  f o r  t h e  3BV and Mu-Meter 
were obta ined from r e f e r e n c e  11. Figures  20 and 21 show t h e  c o r r e l a t i o n  
obtained between t h e  DBV and t h e  skiddometer and t h e  3BV and t h e  Miles t r a i l e r  
a t  Roswell ( r e f .  l l ) ,  r e s p e c t i v e l y .  The d a t a  i n  t h e s e  f i g u r e s  show t h a t  t h e  
skiddometer ( f i g .  20) ( l i k e  t h e  Flu-Meter) e x h i b i t s  poor c o r r e l a t i o n  w i t h  DBV 
SDR measurements, whereas t h e  Miles t r a i l e r  compares b e t t e r  ( f i g .  21). The 
skiddometer runway s l i p p e r i n e s s  r a t i n g  was achieved by t e s t i n g  t h e  pavement a t  
a constant  speed of 34.8 knots  ( l i k e  t h e  Mu-Meter), whereas t h e  Miles trailer 
t e s t e d  t h e  pavement over a speed range of 85 t o  0 knots  ( s i m i l a r  t o  t h e  DCV). 
Much b e t t e r  c o r r e l a t i o n  between ground v e h i c l e s  is obta ined when each 
v e h i c l e  is t e s t e d  over a speed range and t h e  viscous-hydroplaning theory method 
(described e a r l i e r )  i s  used t o  compare t h e  f r i c t i o n  d a t a  obta ined by t h e  
veh ic les .  Th i s  type  of c o r r e l a t i o n  is  shown i n  f i g u r e s  22 t o  25. The d a t a  f o r  
t h e s e  f i g u r e s  were obta ined from t h e  j o i n t  NASA-British Minis t ry  of Technology 
Skid Cor re la t ion  Study repor ted i n  re fe rences  21, 22, and 30. The d a t a  t r e n d s  
shown i n  f i g u r e s  22 t o  25 suggest  t h a t  good c o r r e l a t i o n  is  achieved between 
ground v e h i c l e s  shen t h e  f r i c t i o n  measurement of a v e h i c l e  is compared over a 
speed range w i t h  i t s  equivalent  measurement from another  ground-vehicle device.  
Th is  r e s u l t  sugges t s  t h a t  ground-vehicle runway s l i p p e r i n e s s  measurements can 
c o r r e l a t e  i f  t e s t e d  over a speed range and proper accounting i s  made f o r  t h e  
d i f f e r e n c e  i n  t h e  t i r e  opera t ing  modes between t h e  v e h i c l e s .  It should be  
noted t h a t  t h e  worst  c o r r e l a t i o n  between dev ices  occurs  i n  f i g u r e  25 where t h e  
Mu-Meter i s  compared wi th  s e v e r a l  o t h e r  f r i c t i o n  measuring devices .  The 
Mu-Meter i s  t h e  only f r i c t i o n  dev ice  t h a t  does not  measure a f r i c t i o n  boundary 
cond i t ion  - t h a t  is, t h e  skiddometer measures peak braking (constant  0.13 
braking s l i p ) ;  t h e  General Motors (CIM) t r a i l e r ,  e i t h e r  ha, o r  uskid from 
a p u l s e  braking technique; t h e  Miles t r a i l e r ,  Uskid from a p u l s e  braking 
technique; and t h e  DBV, &kid f som a continuous locked-wheel braki-ng technique.  
The Flu-Meter, on t h e  o t h e r  hand, measures corner ing  f o r c e  developed on a t i r e  
a t  7.50 yaw angle .  A t  h igh pavement f r i c t i o n  va lues ,  it cannot measure t h e  peak 
f r i c t i o n  boundary cond i t ion ,  whereas f o r  low f r i c t i o n  cond i t ions ,  i t  may measure 
corner ing f o r c e  a f t e r  t h e  peak corner ing-force  va lue  has  been obta ined,  a s  
shown i n  f i g u r e  26. The d a t a  i n  f i g u r e  26 were obtained from r e f e r e n c e  31 
(p. 654). These d a t a  suggest  t h a t  i f  t h e  yaw ang le  f o r  maximum corner ing f o r c e  
( l i m i t i n g  c o e f f i c i e n t  of f r i c t i o n )  is  exceeded, t h e  corner ing f o r c e  (and 
corner ing f r i c t i o n  c o e f f i c i e n t )  i s  reduced a s  yaw angle  is  f u r t h e r  increased.  
For t h e  c a s e  o i  t h e  Mu-Meter which measures corner ing f o r c e  a t  7.5' yaw angle ,  
t h i s  type of t i r e  behavior may r e s u l t  i n  an overes t imat ion  of t h e  s l i p p e r i n e s s  
of t h e  wet pavement def ined by peak boundary f r i c t i o n  cond i t ions .  
Aircraft/Cround-Vehicle C o r r e l a t i o n  
A s  wi th  ground-vehicle/ground-vehicle c o r r e l a t i o n  a t t empts ,  most a i r c r a f t /  
ground-vehicle c o r r e l a t i o n  a t t e m p t s  t r y  t o  r e l a t e  t h e  ~ e a s u r e d  ou tpu t  of a 
f r i c t i o n  d e v i c e  wi th  some measured output  of t h e  a i r c r a f t  from d a t a  obta ined 
dur ing  j o i n t  t e s t i n g  of t h e  dev ice  and a i r c r . ? f t  on a r t  i f  i c i a l l y  wet runway 
su r faces .  Typ ica l  a i r c ra f t /g round-veh ic le  r e l a t i o n s h i p s  obta ined from such 
t e s t  programs a r e  shown i n  f i g u r e s  27 (Mu-Meter, r e f .  2 4 )  and 28 (DBV,  r e f s .  11 
and 25). Each f r i c t i o n  d e v i c e  advocate  c la ims good c o r r e l a t i o n  between t h e  
device  and t h e  a i r c r a f t .  For example, r e f e r e n c e  2 6  s t a t e s  t h a t  t h e  Mu-Meter 
may p r e d i c t  a i r c r a f t  s topping performance w i t h i n  1 0  t o  15  percent  i f  a  co r re la -  
t i o n  ranking system c l a s s i f y i n g  runway s u r f a c e s  i n t o  d i f f e r e n t  t e x t u r e  groups 
is used. On t h e  o t h e r  hand, r e f e r e n c e  11 s t a t e s  t h a t  t h e  DBV can p r e d i c t  a i r -  
c r a f t  s topping performance w i t h i n  215 percent  by us ing i t s  p r e d i c t i o n  method. 
The t i r e  f r i c t i o n  p r e d i c t i o n  method (descr ibed e a r l i e r  i n  t h e  paper) okfe r s  
another  approach t o  show c o r r e l a t i o n  between ground-vehicle and a i r c r a f t  
measurements of runway s l i p p e r i n e s s .  
Equation (5) may be modified t o  t h e  form 
where 
peff e f f e c t i v e  braking f r i c t i o n  c o e f f i c i e n t  r e a l i z e d  by t h e  a i r c r a f t  
through i ts a n t i s k i d  braking system 
?R runway tire-pavement d ra inage  c h a r a c t e r i s t i c  (hydroplaning 
parameter) determined by ground-vehicle f r i c t i o n  t e s t  
over ground speed range 
pdry c h a r a c t e r i s t i c  maximum a i r c r a f t  t i r e  f r i c t i o n  c o e f f i c i e n t  
on d ry  pavement 
11 a n t i s k i d  braking system ef Ciciency,  pef /lhx 
This  method, us ing t h e  Cni; f r i c t i o n  measuring device ,  i s  i 1 l u s t r a t t . d  i n  f i g -  
u r e s  29 t o  31. The c o r r e l a t i o n  shown i n  t h e  f i g u r e s  r e s u l t e d  from use o f  t h e  
a r b i t r a r i l y  s e l e c t e d  a n t i s k i d  braking system e f f i c i e n c y  model dep ic ted  i n  
f i g u r e  29 which i s  pat terned a f t e r  t h e  one descr ibed i n  r e fe rence  3 2 .  
The d a t a  t r e n d s  shown i n  f i g u r e s  29 t c  31 suggest  t h a t  a ground-vehicle 
f r i c t i o n  measuring device  can be used t o  p r e d i c t  the  e f f e c t i v e  f r i c t i o n  c o e f f i -  
c i e n t  a n  a i r c r a f t  w i l l  develop on a wet runway providing t h e  a n t i s k i d  braking 
system e f f i c i e n c y  of t h e  a i r c r a f t  is  known. The d a t a  t r e n d s  a l s o  suggest  t h a t  
each a i r c r a f t  type has its own c h a r a c t e r i s t i c  a n t i s k i d  braking system e f f i c i e n c y  
which is  dependent upon t h e  landing gea r ,  braking,  and a n t i s k i d  system design.  
Summary of Correlat ion Resui ts  
. - 
The runway s l i ppe r ines s  research conducted s in(  i8 i n  t h e  a rea  of 
biound-~ehicle/~round-vehicle and a i r c r a f t  /ground-ve;. . c o r r e l a t  lonb has been 
reviewed and y i e ld s  the  following observations: 
Ground-vehicle devices  t h a t  test a t  constant  speed do not c o r r e l a t e  well 
with those devices t ha t  t e s t  over a speed range. 
Ground-vehicle devices  t h a t  t e s t  a t  constant  spee.! can be co r r e l a t ed  
together a s  w e l l  a s  those t ha t  t e s t  over a speed range regard less  of t h e  t i r e  
operating mods during t e s t i n g .  
The DBV can be used t o  pred ic t  a i r c r a f t  t i r e  braking and cornering charac- 
t e r i s t i c s  on wet runwzys. Other ground-vehicle devices have the  po t en t i a l  t o  
predict  these t i r e  c h a r a c t e r i s t i c s  a s  w e l l  i f  t h e i r  test procedure is changed 
from a constant speed test t o  a speed range t e s t  s imi la r  t o  t h e  DBV. Ground- 
vehic le  devices  t h a t  t e s t  a t  constant speed cannot pred ic t  a i r c r a f t  Eire braking 
1 
and cornering f r i c t i o n  coe f f i c i en t  on wet runways over t he  fell1 take-off and 
landing speed range of a i r c r a f t  . 
Ground-vehicle and a i r c r a f t  s l i ppe r ines s  measurements can be cor re la ted .  
However, t h e  prec is ion  of co r r e l a t i on  i s  obtained from a r t i f i c i a l l y  we: runway 
test programs. The accuracy of pred ic t ion  from the  co r r e l a t i on  may t e  &=?graded 
when runways a r e  wet from na tu ra l  r a i n  (d i f f e r en t  water depths) .  Further ,  some 
of t h e  o lder  a i r c r a f t  braking systems can allow locked-wheel operat ion during 
maximum braking operat ion on w e t  runways. The locked-wheel condi t ion can r e s u l t  
i n  rever ted rubber hydroplaning which destroys t he  a i r c r a f  tlground-vehicle 
cor re la t ion .  For these reasons, p red ic t ions  of a i r c r a f t  braking performance on 
w e t  runways from ground-vehicle dcvices should be emplc'yed only t o  provide 
guidance information t o  p i l o t s .  
'f Sta tus  of Runway Sl ippdriness  Measurements 
I Standard USAF runway skid r e s i s t a n t  tests.- Since November 1973, t he  Air Force C i v i l  Engineering Center (AFCEC) has been measuring the  skid res i s tance  I proper t ies  of a i r f i e l d s .  Procedures f o r  conducting the  standard skid r e s i s t ance  
1 t e s t s  a r e  given i n  reference 33. This t e s t  requi res  t h a t  C r l c t i o n  measurements be obtained by both t he  DBV and Mu-Meter when t e s t i n g  an a i r f i e l d  pavement. 
AFCEC f e e l s  t h a t  the  f r i c t i o n  da ta  obtained from these f r i c t i o n  measuring devices 
a r e  complementary, and together  they provide an adequate da ta  base t o  evaluate  
t he  skid r e s i c t ance  of  an  a i r f i e l d  pavement. AFCEC intends t o  survey the  skid 
r e s i s t ance  of a l l  USAF runways i n  t he  United S t a t e s  and overseas on a per iodic  
basis .  AFCEC f e e l s  s t rongly t h a t  t h e  concept of using an experienced, w e l l -  
t ra ined crew and standardized t e s t i n g  procedures fo r  pavement skid r e s i s t ance  
evaluat ions o f f e r s  many advantages. This  concept requi res  t he  Air Force t o  
purcharie and maintain a minimum quant i ty  of equipment and ensures t h a t  the  
t e s t i n g  i s  properly accomplished and documented. Results from Lhis Air Force 
prograr.1 a r e  reported i n  references 28 and 34. 
FAA Advisory C i r c u l a r  No. 150/5320-12.- FAA A i r p o r t s  Serv ice  i s sued  FAA 
Advisory C i r c u l a r  No. 150/5320-12 on June 30, 1975 ( r e f .  35).  Th i s  advisory 
c i r c u l a r  provides guidance on methods t h a t  can be used t o  provide and mainta in  
a i r p ~ r t  pavement s u r f a c e  f r i c t i o n  c h a r a c t e r i s t i c s .  This  p l idance is intended 
f o r  use  by a i r p o r t  opera to rs ,  engineer ing c o n s u l t a ~ + s ,  and maintenance personnel. 
This advisory c i r c u l a r  does not  purpor t  t o  provide a means t o  p r e d i c t  a i r c r a f t  
stopping d i s tcnce .  For t h e  requirements s p e c i f i e d  i n  t h i -  c i r c u l a r ,  FAA A i r -  
p o r t s  Serv ice  r e q u i r e s  a f r i c t i o n  measuring dev ice  which 
(1) Can provide f a s t ,  a c c l r a t e ,  and r e l i a b l e  f r i c t i o n  va lues  of a i r p o r t  
pavement s u r f a c e s  undl.r varying c l i m a t i c  cond i t ions  
(2) Can provide a continuous graph record of t h e  pavement s u r f a c e  
c h a r a c t e r i s t i c s  
(3) Has minimal maintenance and r e c u r r i n g  c o s t s  
(4) Has a simple c a l i b r a t i o n  technique 
(5) I n d i c a t e s  p o t e n t i a l  f o r  hydroplaning cond i t ions  
Th is  c i r c u l a r  i s  worded c a r e f u l l y  such that: cu r ren t  f r i c t i o n  measuring 
devices ,  t h e  DBV f o r  example, a r e  not  excluded from use  i n  implementing t h e  
c i r c u l a r ,  al though it  is c l e a r  t h a t  t h e  B r i t i s h  Mu-Meter i s  t h e  device  favored 
by FAA Airpor t s  Serv ice  s i n c e  i t  is  tile on ly  device  descr ibed i n  t h e  c i r c u l a r .  
The advisory c i r c u l a r  c l e a r l y  i n d i c a t e s  t h a t  i t s  needs a r e  m e t  by a dev ice  
which measures t h e  r e l a t i v e  f r i c t i a n  of pavement s u r f a c e s  and t h a t  t h i s  measure- 
ment of f r i c t i o n  does not provide a mean; t o  p r e d i c t  a i r c r a l t  s topping d i s t a n r -  
(determine how s l i p p e r y  t h e  runway sur f  aces  a r e  f o r  a i r c r a f t  opera t ion) .  
It i s  f e l t  t h a t  i s suance  of t h i s  adv i sory  c i r c u l a r  by t h e  FAA is  a note- 
worthy s t e p  forward i n  providing guidance t o  i n s t a l l  ant ihydroplaning runway 
surf  aces  a t  a i r p o r t s .  However, t h e  providing of r e l a t i v e  f r i c t i o n  measureraents 
f o r  engineer ing and maintenance purposes i s  secondary t o  t h e  main o b j e c t i v e  of 
a f r i c t i o n  eva lua t ion  which is t o  determine how s l i p p e r y  t h e  runway s u r f a c e  is 
f ~ r  a i r c r a f t  operat ion.  
PROGRESS AND PROBLEMS OF ANTIHYDROPLANING 
RUNWAY SURFACE TREATMENTS 
Both runway grooving and porous f r i c t i o n  course  (PFC) ant ihydroplaning 
runway s u r f s c e s  were o r i g i n a t e d  i n  England, a s  descr ibed i n  r e f e r e n c e  36. 
Research on runway grooving i n  t h e  United S t a t e s  s t a r t e d  wi th  NASA experixr~ents 
i n  1962 ( repor ted i n  r e f .  2 ) .  PFC pavement resea rch  i n  t h e  rJi.ited S t a t e s  was 
i n i t i a t e d  by USAF (1972) and is  repor ted i.1 r e f e r e n c e s  37 and 38. 
Runway Grooving 
Since 1956, approximately 160 runways have been grooved world-wide a s  
indicated i n  t ab l e s  2 LO 12. Figure 32 shows t h e  development of grooved runways 
a t  U.S. c i v i l  a i r p o r t s  s i nce  t h e  f i r s t  air c a r r i e r  a i r p o r t  was grooved in 1967. 
For :.he pas t  3 years an average of 24 air c a r r i e r  a i r p o r t  runwiys have been 
grooved each year. A t  t h i s  present  rate, t h e  224 ILS rucways 1524 m (5000 f t )  
o r  longer i n  length 3: U.S. air c a r r i e r  a i r p o r t s  w i l l  a l l  be  grooved by 1986. 
A t  t h e  Present time, s ix  d i f f e r e n t  methods a r e  ava i l ab l e  f o r  grooving runways, 
namely, diamond saws, abras ive  (carborundum) saws, f l a i l s ,  p l a s t i c  g r o w i n g  
with segmented drua, p l a s t i c  grooving with wire comb, and p l a s t i c  grooving v i t h  
wire broom. The l a t t e r  threo- methods can only be  used f o r  grooving portland 
cement concrete when it has been f r e sh ly  l a i d  and has  not hardened o r  set up. 
The most popular grooving method is the  diamond saw- Approximately 80 percent 
of t h e  air carrier a i r p o r t  runways that have been grooved s ince  1967 have used 
this grooving method. The e f fec t iveness  of runway grooving as an antihydro- 
planing sur face  tr=tment is revealed by revieving the  DBV SDR da t a  shown in 
t ab l e s  13 t o  17. Tables 13 t o  16 were obtained from reference 39. Table 17 
shovs da t a  o'xtained from a recent ly  completed FAA DBV trial application-rullway 
f r i c t i o n  ca l i b r a t i on  and p i l o t  information program (ref .  40). Review of t he se  
data  suggests t ha t  t he  g r e a t e s t  t r a c t i o n  benef i t  is rea l ized  from closed-spaced 
grooves that a r e  c u t  1 /4  inch deep i n  t he  pavement with diamond saws.  This  
r e s u l t  follows the  trend reported +-n re fe rence  27 where a 25 x 6 x 6 mm 
(1 x 1/4 x 1/4 in.)  pa t t e rn  was found t o  be super ior  t o  a l l  o ther  p a t t e r n s  
studied v!th regard t o  preserving t r a c t i o n  on wet o r  flooded runways. P l a s t i c  
grooving treatments a r e  consfdered t o  be an improvement over conventional 
ungrooved concrete surfaces  but a r e  i n f e r i o r  t o  diamond sawed grooves i n  both 
t r ac t i on  performance and wa' ..r drainage (discussed i n  s ec t i on  "Flooding on 
Grooved Runways"). The :miformity of p l a s t i c  grooving is poor compared wi th  
diamond sawed grooves a s  shown by comparing f i gu re s  5 and 6 with f i gu re  33. 
The da ta  presented i n  f i gu re  34 compare t he  t l a c t i o n  performance of p l a s t i c  
grooving using a w i r e  comb technique ( re f .  41) &<ti! other  anirihydroplaning 
pavement surface treatments. These da ta  confirm t h e  t r ac t i on  t rends j u s t  
discussed. 
The major problem encountered with grooved runways is t h e  chevron c u t t i n g  
of a i r c r a f t  t i z e s  during the  touchdown phase of  a i r c r a f t  landings on grooved 
runways. (See f i g .  35.) This problem is  discussed i n  d e t a i l  i n  reference 39 
and has been studied i n  reference 42. The c i v i l  a i r l i n e s  i n  the  United S t a t e s  
a t  t h e  present t i m e  do not c - w i d e r  chevron cu t t i ng  t o  be a s e r ious  opera t iona l  
problem t o  t h e i r  jet t ransp ; f l e e t .  I t  should be noted tha t  t h e  a i r c r a f t  t i r e  
industry has been wcrking i n  c lose cooperation v i t h  a i r c r a f t  opera tors  on the  
chevron cu t t ing  problem. During the  past 5 years ,  t h e  a i r c r a f t  t i re  industry 
has developed new tread rubber compounds and tread designs t ha t  s i g n i f i c a n t l y  
reduce the  degree of chevron cu t t i ng  on a i r c r a f t  t i r e s  experienced on grooved 
runways. I n  t h i s  regard, American Air i ines  r epo r t s  t h a t  over t he  past  4 years ,  
the  number of landines p e r  t i r e  change on i t s  j e t  t ranspor t  f l e e t  has increased 
by 50 percent. During t h i s  time period, t he  number of grooved runways a t  a i r  
c a r r i e r  a i r p o r t s  has increased from 37 t o  107. The s l ipper iness  of grooved 
runways is increased when hesvy rubber depos i t s  coat touchdown areas ,  but t h i s  
problem is e a s i l y  corrected by rubber removal treatments (discussed l a t e r ) .  
Some a s p h a l t i c  concre te  runways have s u f f e r e d  col lapsed grooves i n  t r a f f i c k e d  
areas. T h i s  type  of problem is u s u a l l y  c r e a t e d  by grooving tile a s p h a l t i c  
concre te  s h o r t l y  a f t e r  t h e  runway has  been paved and before  t h e  a s p h a l t i c  
concre te  has  cured properly.  
Porous F r i c t i o n  Course 
The f i r s t  PFC s u r f a c e  t reatment  i n  t h e  United S t a t e s  was a t  t h e  Da l las  
Naval Ai r  S t a t i o n  in 1971 as ind ica ted  i n  t a b l e  18. The growth of t h e  PFC 
s u r f a c e  t reatment  a t  U.S. c i v i l  a i r p o r t s  (through 1975) is  shown i n  f i g u r e  36. 
Over t h e  p a s t  3 y e a r s  (1973 t o  1975), a n  average of seven a i r  c a r r i e r  a i r p o r t  
runways per  year  have been given t h i s  ant ihydroplaning pavement s u r f a c e  treat- 
ment. F igure  34 shows t h a t  t h i s  s u r f a c e  is d e f i n i t e l y  super io r  i n  t r a c t i o n  
q u a l i t i e s  over  convent ional  ungrooved concre te  and ranks  wi th  pavement grooving 
in t h i s  r egard  as repor ted i n  r e f e r e n c e  19. PFC has  a high s t o r a g e  volume t o  
prevent runway f looding when r a i n  f i r s t  commences bur: does not  have t h e  f r e e  
flowing d ra inage  f e a t u r e s  cormaon t o  grooved runways. Consequently (as  d i scuss& 
earlier i n  t h e  paper),  PFC s u r f a c e  t r ea tments  are not  believed t o  be as e f fec -  
t i v e  aF grooved pavements, e s p e c i a l l y  those  c u t  wi th  dia~lond saws, i n  prevent ing 
runway f looding dur ing sus ta ined ,  h igh r a i n f a l l  r a t e  p r e c i p i t a t i o n  condicions.  
A major problem t h a t  has  been repor ted f o r  PFC paverents  is t h e  d i f f i c u l t y  
of removing rubber from contaminated touchdown a reas  of t h e  ruck-a)-. AOCI 
(Airport  Operators  Council I n t e r n a t i o n a l )  r e p o r t s  t h a t  t h e  PFC s u r f a c e  a t  
Jahannesburg had t o  be replaced because rubber d e p o s i t s  could not be refloved 
from t h e  su r face .  A similar ?roblem has  been encountered 2 t  Denver S tap le ton  
Ai rpor t  where t h e  rubber d e p o s i t s  could be renoved on ly  through t h e  use  of a 
f l a i l i n g  machine and high-pressure water-blas t  equipnen" I t  should be s t r e s s e d  
t h a t  t h e  PFC s u r f a c e  t r ea tments  a t  U.S. a i r p o r t s  have co t  been i n s t a i l e l  long 
enough a t  t h e  present  time t o  r e p o r t  r e a l i s t i c a l l y  on t h e  d u r a b i l i t y  2nd =in- 
ta inabi l i t : .  of t h i s  type pavement su r face .  
Runway Rubber Deposits  and Their  i Z e r . 0 ~ ~ 1  
NASA, USAF, and FAA s t u d i e s  ( t a b l e s  13 t o  1 7 )  shov tbcit t h e  z o s t  s i i ? p e r p  
runway segments a r e  u s u a l l y  those  loca ted  i n  a i r c r a f t  touckdokn a r e a s  vhich 
become ccvered wi th  heavy rubber depos i t s .  The reduced eacro/r.:icrctexri!re of 
t h e  pavement s u r f a c e  ( f i g .  37) r e s u l t i n g  fror.  rubber d e p o s i t s  r x k e s  t h e  runway 
much more s u s c e p t i b l e  t o  dynamic and v i scous  hydroplaning d u r i n ~  tizcs of r s i n .  
The dramatic runway t r a c t i o n  l o s s  su f fe red  a s  a consequer.cr. i s  i l l u s t r a t e d  by 
f i g u r e  38. Reference 11 p o i n t s  out t h a t  wheel s p i n - u p  a t  t c u c h d o k ~ ~  o n  the 
Roswell smooth concre te  runway (SCR = 2.17 t o  2 .75 for  DRV, R - 7 3 7 ,  and L - 1 0 1 1 ~  
required as  much a s  2 seconds. From a comparison o i  f i g u r e s  13 an? 35, t h e  
predic ted a i r c r a f t  t i r e  f r i c t i o n  c o e f f i c i e n t  
...skl,i a v 3 i l ~ h l e  t o  s p i n  :he t i r e  
up on t h e  rubber coated ungrooved runvay a t  ?1IX runway ?F/? ,L (53: = 4 . 6 2 )  is 
found t o  be mucll l e s s  char! a t  Roswell. Consequently, wheel spir.-up ti.7e.r nnv 
t a k e  from 6 t o  8 seconds on t h i s  vet ,  contarninatcd s ~ ~ r f n c r ' .  :IS n conscqcence, 
p i l o t s  may apply wheel braking before  t h e  whei-1s a r e  spun ti; x i t h  t h e  r e s u l t  t h a t  
t h e  a n t i s k i d  braking system f a i l s  t a  perfcrn properly 2nd pcor braking,  pcor 
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d i r e c t i o n a l  cont ro l  along with reverted rubber skidding may occur f o r  t h e  a i r -  
c r a f t .  (See r e f s .  P and 11.) Obviously, runway rubber depos i t s  pose a d i s t i n c t  
t h r e a t  t o  t he  opera t iona l  s a f e t y  of a i r c r a f t  during landings and t a k e o f f s  in 
adverse weather. This paper has pointed out  t h a t  ground veh ic l e s  which test 
pavements u t i l i z i n g  a constant  speed technique cannot pred ic t  che runway 
s l i ppe r ines s  r e s u l t i n g  t o  a i r c r a f t  from t h i s  e f f e c t .  Therefore, t h e  DBV, which 
has a demonstrated capab i l i t y  t o  perform t h i s  measurement, should be t h e  only 
device permitted t o  assess t h i s  runway condition. Only when test procedures 
have been changed and the  devices  co r r e l a t ed  o r  ca l i b r a t ed  s a t i s f a c t o r i l y  wi th  
t h e  DBV, should o ther  devices  be allowed t o  measuze t h e  e f f e c t s  of rubber 
depos i t s  on runway s l ip ; -e r iness  f o r  a i r c r a f t  operation. 
Review of t he  da ta  contained i n  t a b l e s  -13 t o  1 7  a d  f i g u r e s  31 a d  38 
ind i ca t e s  that grooved runways a r e  much less a f f ec t ed  by rubLer depos i t s  than 
ungrooved runways and may r equ i r e  less frequent  cleaning. Several  methods f o r  
c leaning runways of rubber depos i t s  a r e  a v a i l a b l e  and discussed in reference 40. 
One of t h e  most e f f e c t i v e  nieans is by high-pressure water b l a s t  as shown i n  
f i gu re s  39 and i O .  
CONCLUDING REMARKS 
This paper has revieved t h e  runway s l i p p e r i n e s s  research performed i n  t h e  
United S t a t e s  and abroad over t he  time period 1968 t o  t h e  present. This review 
suggests  t ha t  t h i s  research has been extremely f r u i t f u l  with t h e  following 
tangib le  benef i t s  r ~ s u l t i n g  t o  t h e  av i a t i on  comunity: 
(1) A b e t t e r  understanding of t h e  hydroplaning phenomena 
(2) A method f o r  p red ic t ing  a i r c r a f t  t i re  performance on w e t  runways from 
a ground-vehicle braking t e s t  
(3) The runway rubber depos i t  problem has been defined a s  one of t h e  most 
se r ious  t h r e a t s  t o  a i r c r a f t  opera t iona l  s a f e t y  during landings and 
take-offs i n  adverse weather; a t  t h e  same t i m e ,  methods have been 
developeJ which can remove runway rubber depos i t s  s o  t h a t  runway 
t r ac t i on  is e f f e c t i v e l y  res tored  t o  uncontaminated l e v e l s  
(4) Pavement grooving has f u l f i l l e d  i ts  promise a s  a runway su i f ace  
treatment t ha t  minimizes runway flooding during heavy rainstorms 
and produces near ly  d ry  a i r c r a f t  braking and cornering performance 
under wet runway condi t ions 
(5) Porous f r i c t i o n  course sur face  t reatments  a r e  near ly  a s  e f f e c t i v e  
as  pavement grooving, but fu r the r  research aad time a r e  required t o  
a s se s s  t he  ,*f f e c t s  of rubber depos i t s  (and removal), du rab i l i t y ,  and 
main ta inabi l i ty  of t h i s  sur face  treatment 
F ina l ly ,  it  is hoped tha t  t h i s  r epo r t  on t h e  s t a t u s  of runr.pay s l i ppe r ines s  
research w i l l  s t imula te  t he  av i a t i on  community and t h e  Federal Regulatory 
Agencies i n t o  a rapid implementation program t o  u t i l i z e  t h e  technological  advances 
t h i s  research has produced and t o  improve a i r p o r t  runway safe ty .  
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SDR I : 
M r  Base 
A s p h l t i c  concrete 
A i r  Force Base 
Air Force Civi l  Engineering Center 
American Society for Testing a m  hterials 
Average texture depth 




D i m n i  saw 
F l a i l  
Federal Aviation Administration 
Grooved 
Internat i o m l  
I >agitudinal 
Lig!lt 





Naval A i r  Station 
National 
Pitch 
Portland cement concrete 
Plas t ic  grooving with segmented drum 
P las t i c  grooving with wire broam 
P las t i c  grooving with wire coppb 
Royal Air Force 
Stopping distance r a t i o  
Transverse 
Width 
TABLE 1.- TIRE CHARACTERISTICS OF FRICTION MEASURING DEVICES 
Device 
. . . . . . . . . . . .  DBV (ASRI  E-249 smooth tread t i r e )  1.15 165 24 
. . . . . . . . . . . .  DBV (ASTM E-524 smooth tread t i r e )  
. . . . . . . . . . . . . . . . . . . . . . . . .  Mu-Meter 
. . . . . . . . . . . . . . . . . . . . . .  Miles t r a i l e r  
Skiddometex model BV-6 (ASTM E-249 smooth tread t i r e ) .  . .  
24 
10 








TABLE 2.- GROOVED RUNWAYS CONSTWCTED WRING 1956-1966 
Airport  
Airport  
A (1956) - t4 
8 (1957) - 
C (1960) - II 
D (1960) - n 
r: (1960) - X 
P (1%61)) - X 
b c h e s t e r  (1961) - C 
N A U  hRC (1964) - C 
b n c h e s t e r  (1965) - C 
Ubon (1966) - H 
Udorn (1966) - N 
NAU hRC (1966) - C 
Sur: ..c Crwvinfi  
technique 
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John F. Kennedy - C L'S.4 4R122L PCL T-DS 
Kansas Ci ty  Yun. - C U Sf 16/36 PCClhC T-DS 
USA h'allops - C 4/22 PCCl AC T-DS 
Washington Nat. - C USA 12/36 T-DS 
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N I  A 
NIA 
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Researzh t r a c k  
--- 
ma 
5 1 ° 6 * 6  
(Skip 610) 
2 5 x 3 ~ 3  
2 5 1 6 . 6  
38 r 10-5 x 3 
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At lan ta  Pfun. - C 
Chiugo-Xidway - C 
Chtrapo-Mldvay - C 
Seynour-himson 
1 
Groove pa t t e rn .  






2 5 x 3 ~ 3  
2 5 X 3 x 3  
2 S x 3 x 3  
2 5 x 3 ~ 3  
2 5 x 3 ~ 3  
2 5 x 3 ~ 3  
2 5 x 3 ~ 3  
2 5 ~ 3 x 3  
25 ~ 6 x 6  
2 5 ~ 3 ~ 3  
5 1 x 6 ~ 6  
(Skip 610) 
5 1 ' 6 x 6  
(Skip 610) 
25 x q - 9 x  3 1 38 x 3-9 3 
5 1  X 3-9 x 3 
.*S 3-9 * 6 ] 38 x 3-9 x 6 
51  x 3-9 6 
AFB - U USA 
Tempelhot (Ger.) - H I USA 
in.  
- 
1 x 118 118 
1 x 1/8 x 1/8 
1 x 110 x 118 
1 x 118 x 1/8 
I x 118 x 110 
1 x 110 x 118 
1 x 118 x 118 
1 x 118 x 118 
1 x 114 x 114 
I x 118 .: 118 
2 1 1 1 4  x 114 
(Skip 24) 
2 * 114 x 114 
(Skip 24) 
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, -  z ! . . TABLE 6.- G R 0 3 V m  ~ h f ~  COSSWL'CIED DLltISt 1970 
5 7 .  11 - (I 1 2 114 * 11: - 11: 
32 6 * b 1 1 I/;  I / +  * 114 
51 b -  (I ? ' 11; . 1/$  
44 6 * 6 1 314 '* 1,'- A I /& 
31.6. b 1 I/: 11.' 11; 




F- . . 
PCC 
. A C  
zzze : h ~ . ,  
, . . .  
. - 
(ISA Us* - :*, 
Usa 
.QS~- a Z- ';
- - jfSb - ,. 
. 












: ,.- 1 3U/3iL 
12/30 
. 
. N I A - . '  
k m v e  p t t c r n ,  
e . u C n  
> - , 
Ip 
* ~ 
* ;  
- .  
.- 
in .  
21 x 6 * 6 
32 x 6 A 6 
3 2 x 6 ~ 6  
32 x 6 x 6 
32 6 * 6 
2 5 ~ 3 x 3  
t 
t 
i .<.: 3 
. . 
. . C 
1 
. .  . 
. = 
, , 
- .  
- .  
I .  
. . 
. . 
. . . 
. ,  . . f 
. . 
, - ,  . . 
- l .  - .  
. .- - ,, 
- - ,  ! - . 
. _ ,  
'. - 2.: i 
. s  ' 
.>: ~ .~ - , 
. li\tiLf 7.- GROOVED IIL:;iJ.YS COSSTNL CTCD I)LE;I:& 1971 
2: 7:. ?' 
" .. . - ' ~ i  ~ ~- 
1 . 1 1 4 r i / 4  
. 1;: . 
s , . . !  - .  
, . "4 
C > . . ^ I  - i 
v. ' . j . .  
" - - y . :  
. - 
- - ,  
.*. 
. j 





: i .. - - .  C; 
. ,  
< 
,-L 
1 U 4  114 x I#&' 
. , 
- .  
=.? < . ' &  
. . ~ ,  
i r  i-- . 
2- 
?-.,:.-. < 
1 & ' 6 x l I I x 1 / 4  
1 114 w 118 x 114 
1 111 * I /b  'x 114 
1 u 118 ,r  119 
i 
. .I 3. 
I ? _ _ ~  -- . 
,. '? . L ; - 
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TABLE 8.- GROOVED RVNk'AYS CONSTRUCTED DRUINC 1972 
Ai rpor t  
Baton Rouge - C 
Boston Logan - C 
Cinc inna t i  - C 
Cinc inna t i  - C 
Denver S tap le ton  - C 
Uet ro i t  Net&- - ': 
x axeapo l r s  - c 
O i t h h ~ ~  Ci ty  - C 
h a h s  Eppley F ie ld  - C 
Osan - % 
P l a t t s b u r g  - ?I 
Shau - ?I 
Spr ingf ie ld  (No.) - C 
St. Paul 4olman - C 
Uate i loo  ?hm. - C 
Uachington Not. - C 







































Ai rpor t  
Allentown - C 
At lan ta  l n t .  - C 
Baltimore In t .  - C 
Baltimore In t .  - C 
Charles  DeCaulle - C 
Clarksburg - C 
Cleveland Hopkins - C 
Dal l a s /F t .  Worth - C 
Dal las lF t .  Worth - C 
Da l l a s /F t .  Worth - C 
G a i n s v i l l e  Mun. - C 
C r i f f i ~ s  - M 
Huncington - C 
























































Lafaye t t e  (Ind.) - C 
LaCuardia - C 
Miami I n t .  - C 
Miami I n t .  - C 
P a t r j c k  Henry F ie ld  - 
Croove pa t t e rn .  
P . I : r D  


















32 6 6 
!;/A 
3 2 . 6 ~ 6  
32 r 6 r 6 
!:/ti 
5 l P 6 . 6  
38 - 6 r 6 
38 a 6 , 6 
38 y 6 6 
T-DS 38 . 6 6 
T-DS 1 38 6 * 6 
T-DS 5 1 r 6 > 6  
1-DS 32 6 r 6 
T-nc 1 51 1 6 w 6 
CrOOVing 
t echn ique  
T-?(; 
T-DS 
in .  
1 110 1 /4  * 1/4 
S/A 
1 1 / 4 ~ 1 / 4 * 1 1 4  
1 114 r 1/4  114 
:;/,I 
2 - 114 114 
1 112 " I / &  * 1 / 4  
1 112 114 x 114 
1 112 114 114 
1 112 y 114 I14 
1 112 f 114 x 1/4 
2 I!& 114 
1 I!: 1lL LIL 
2 * 114 * 1!4 
Peor ia  (111.1 - C '1 USA 
1 1 / 4 x l / b x 1 / 4  
1 112 114 x 116 
t 
Groove p t t e t n ,  
P X U * D  
mn I in .  
T-DS 
T-DS 
1 1 / 4 * 1 / 4 0 1 / 4  
1 112 x 318-3116 * 3/16 
1 112 . 114 114 
AC T-DS 
AC T-DT 
AC I i-DS 
S.avannah - C 
Scuth Bend - C 
S t .  Louis Lamberc - C 
Van,-.e - M 
I W i l l i n m s ~ o r t  - C 
2 114 F l / b  
(Skip 24) 
2 x 116 x 116 
1 114 x 114 x 114 
1 1 4  x 114 1 114 
1 1/4 r 114 x 114 
J 
5 1 x 6 ~ 6  
57 * 8 x 6 
3 2 ~ 6 x 6  
38 * 6 * 6 
., ' ) ~ 6 * 6  - 
38 . 10-5 5 






2 x 114 X 116 
2 116 x 5/16 114 
1 112 x 114 r l i b  
1 112 x 114 * 116 
2 x 114 x I f 4  
1 114 * 116 x 1/b 
2 x llfi * 1 / b  
1 x 112 112 
l l / 4  * I f 4  x 1 /b  
5 1 ~ 6 . 6  
(Skip 6103 
5 1 ~ 6 x 6  
32 v 6 a 6 
32 * 6 * 6 
32 6 6 
T-DS 38 x 6 x 6 
T-DS I I 8  - 6 x 6 
T-DS 5 1 1 6 ~ 6  
T-DS 32 6 * 6 
1-01 1 5 1 - 6 ~ 6  







PCC / T-DS 
I 
PCC 1 T-DS 
I T-DS PcC : T-DS 
hC I T-DS 
1 3 * 3 r 3  112 118 118 
51-ih * 6 6 2-3 . 114 114 
S/A X I A  
32 6 6 1 114 114 114 
32 * 6 r 6 1 114 114 114 




















. *=, m 
- - 










Boston Logan - C 
Cunberland (Md.) - C 
Jackson County 
(W.Va.1 - C 
I.ihue (H.I. - C 
NISA Kennedy - C 
Roleieh Heights 
(W.Va.) - C 
Wood County 
(W.Va.) - C 
k t &  - C 
Beaumont - C 
Boston Logan - C 
b a t o n  Logan - C 
h e n o n  - PI 
C h a r l o t t e  - C 
Chicago O'Hare - C 
C h i c q o  O'nare - C 
Denver S t a p l e t o n  - C 
D u  l b i n e a  Hun. - C 
h n e d l n  - C 
Elmire - C 
Erie - C 
Port  I r u d e r d a l e  - C 
Grand Forks - M 
Houston I n t .  - C 
I n v e r c a r g i l l  - C 
K a n u s  Ci ty  I n t .  - C 
k n o w  C i t y  I n t .  - C 
U n c h e l o e  - H 
Knoxville - C 
Lubbock I n t .  - C 
Monroe :La.) - C 
New Haven - C 
P i t t s b u r g  - C 
P i t t s b u r g  - C 
San Antonio - C 
T a l k h a s s e e  - C 
Tampa - C 
Washington Nat. - C 
Wilkes - J a r r e  - C 
Vic to r i a  In t .  - C 
Zurich - C 



































Sv i t ze r l and  
PCC ' 































N l  A 










S i A  
I-DS I 'f-DS 








1 * 118 x 118 
2 x 114 x 114 
2 114 x 114 x 114 
2 114 x 114 x 114 
2 x 114 x 114 
(Skip 24) 
1 314 * 114 x 114 
1 1 / 4  x 114 x 114 
1 114 x 114 x 114 
2 x 114 x 114 
1 114 x 114 x 114 
?;/A 
1 114 r 114 x 114 
1 114 x 114 x 114 
2 x 114 x 114 
N/A 
1 114 x 114 x 114 
112 x 114 x 118 
1 7 1 8  x 114 x 114 
1 114 114 x 114 
1 1 1 4  114 x 114 
2 x 114 x 114 
1 ? / 4  x 114 * 114 
1 314 * 114 x 114 
1 114 114 114 
1 112 * 114 x 114 
SIA 
NIA 
TABLE 12.- GROOVFD KL'Nk'AYS COSSTRUCTED DURISI; 1976 
7 1- ---I - .  . . c:roove p a t t e r n .  --I 1 zn P, t; - D ~ ~ .  1 Country I Runway I 
USA 
USA ?-I)$ .. , . 
L'SA 
USA / % / A  IC I ~-11s / :+i . 6 . 6 1 I / &  . 1 l b  ' 114 
USA PCC T-DS :q . h . 6 1 l;? . I t 4  * 114 
USA I SIA pee/*, j p-Ds 1 2  1 1,: 
I 
USA I \ I AC I T-:IS 1 i i .  6 . .  / 1 ; ! 2  
I 
ORIGDhU, PAGE IS 
POOR Q O A L l V  
TABU 13.- U3V SUR AND NASA G W E  I'tST ATD OBTAIllED ON RUNWAYS 
EVALUATED JULY 1973 TO DECEMBER 1974 BY 'ZFCEC 
[~rom reference 281 
Airfield 
Travts 






m t h r  


































C o l ~ u s  
Woodb ridge 










Runva~ , Surface 














































































































































. 0 8 h  




















































































0 1 1  

















































.3  398 
.0143 1 ---- 
1 pr  , . 




























































































1 .  
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TABLE 16.- IIBC S::Y OB'.'.%ISED i!Y RLX;APS EiW.:LiA?E3 J.;'.Y.LY':' PI Jl?iE l o15  BY AFCEC 
[F- reference 381 
.AV. rage W V  SDR 3 minutes af car vetting. 
bAsphalc c u l s i o n  dilute* with vacer applied co asphaltic concrete. 
% m a y  d a r  construction. 
4kw -ay surface. 
b r f i e ~ d  






D a d s  lbathFn 




Wf1li .r  
E Y i l l i r r  
W i l l i m s  
UushUn 
Uadorf 




Ihlbber-coaced roucirdo~~~ areas Traf f ickcd. i'ntraffictcd. 
no rubber no rubber 
aUm ay F r i a a r y  Secnndary (=heel paths) ( w a y  edge) 
SDR Surface S3R Surface 531 Surface SDR Surfare 
(a) (a) (a) (a) 
07/25 6 ?CC 2.31 PCC - P W A c  
13/31 5.19 FCC 2 - 2 1  f C C  ---- AC 
14/32 6.73 AC 1.8: .\C 1.CC AC 
OSi23 6 - 5 8  PC" 8 0 .  p ~ c  2.40 K C  
---- At 
16/16 2 - 6 1  K C  ---- AC 
17/35 2.36 AC!PCc 2 AC 
5 2  Ac 
12/30 1.54 AC 1.39 AC 







1 2 c / m  
12W30L 
1 3 U 3 1 L  
15/33 





2 - 7 0  
2 -65  
2.61 




2 -15  
2 - 2 1  

















































. A C  
, ---- 















i C  
AC:VC 
AC 































EVALUATED SWEMER 19?1 TO MIIL 1972 81 Ff.4 
[F- reference 291 
.~verage DBV SOX. 
b ~ c v  s u r f a c ~ ;  under construction. 
Airport 





rubber deposf:~ (wheel path) 
Surf ace 
l2W ML 2.90 AC 
b126 6:PCt 1.85 FCC 
17/35 1.77 i::PCC 7 PC(: 
swzn b.0~ 9R:AC 2-85 2 7 ~ : ~  i.al AC ' 
9U27S 2-38 9L:AC 1.98 27R:AC 1.72 AC 
12/30 1-01 1Z:AC 1.75 N:AC 1.56 AC I 17135 1.33 17:AC 1 1.32 35.1C 1.33 AC 1 I 
Heqhis Int. 
















































17L/35P 1 3.62 17:PCC 1 3.51 35k:PCC 
b9127 







Y. B. liartsfield 9Rl2X 
1.83 27:AC 1.56 9:AC 
-- 
3.76 1O:PCC 
3 2  1 1 3.01 
1.22 23:AC --- 5:AC 
2-09 
1.69 I 3121 
2-88 
2.21 
27!:CPCC I 1.24 I 9R:GPCC 














13/31 2.12 31:AC 1 13:XC 
2L/20R 2.08 ! 20R:GXC 
ZR/ZOL 1.30 ! ?OI.:AC 2R:AC 
5123 1.33 '-'3:GPCC 11.10 5:CPCC 







- LU LY.r OI tulwr; Crrrr ptcem; - ,L -dt duelnullrl a*- sa&w DBV 
1 1 1  l l l 1 J  -1 .J.H ta 2 . U  - 10S r (1000 It) S l  = 6 = 6 r Lt- 8 
I*r 1-74 cot. 2 4 m  I, (1 * I14 I/& U.). 
(Q00 ft) -. 8- 610 r (2 fc) 
305 r (1- f t l  .UC 610 m (Z ft); 
IOE: due rh.r 1913 
-YI 1 7  wzn m-1. 2.71 rn 1-91 - w D (1000 tc) s t  = r = 6 r .d- 8 
~u 1.n - ?a. llcl r (2 111 = U 4  L.). 
(UOO tt) CIOC. 8- 610 n 
1170 r (4500 ft) (Z It) .UI 610 r 
I W. 105 r (2 fc); 1911 (1000 tt) KE; date- 
\.rc - l U 7 3  INJS IS+ 9 - 5 0  - 451 - Urn tt) SL = 6 = 6 r Marcr @ 
I Irc '1.50 Kc. a5.I r (2 8 I14 = U 4  L.); (W It) QCC. 1913 10% r (WOO Lt) 
Y; d u e  ..h.r 
! -=- -- 
3-1 IY. 
i 








W 2 R  
w z ? r  
9UZ'L  
w 2 n  
W Z R  
'eW22L 1 7169 I I 10171 
9 U Z R  
A/ZO(L 
9/21 
at lrmrr Xmt. 










W c w p  




( setuut-Job800 API 7/69 8i26 8one 1.35 fl.U PCC. 1960 






3.U cc 2.94 
2.W t o  2-52 
1-13 t o  l . ~  
2.27 ca 2.43 
b .bZW3.51  
2.43 
3-16 w 2.m 




i &rocme 610 r (2 f l )  .kip t10  I 
!..- (2 fc); IW 
S l r 6 = 6 r  
(2 114 8 114 
114 in.). 
2.20 
I.;? co 1-80 
nefcrace I 
- 
Cl.91 to 2-52 

















k a r y  
:iar 







UC; &tt abw 
X m r l a y ;  11/72 
2 . a  cw 1.25 
1.12 







K C ;  1919 
PCC; dace unLnou 
AC; dare MLnanr 
AC; &re unknwn 
- -  
B..reOVd 
- 
S 1 = 6 = 6 1  
(2 = 114 a 114 ln.): 
uz9171 
CmaEoord 
Y = W . L m  
(1 112 r 114 





Y 10-5 = 3 m 
( I U I ~ W I - 3 l I b  
x 118 I-.); IW 
W - e l  
u . 1 3 ~ ~  
32 h 10-3 6 I 
(I 114 8 3 I C l l a  
= 114 In.); 15.3 
32 6 6 r 
(I 114 a I14 
= I14 in.); 1910 
U.uroord 
3 8 = 6 8 6 r  
(I 112 111 
a I14 In.); &I10 
Ref*- 10 
I r f a r a c *  10 
Uopubl1.W 
"~uaber  on r i p l ~ t  of column represents tile runway t r ~ ~ ~ s v c r s c  slopc in  prrccnt. 
b ~ n d e r  construct  ion. 
Airport 












G C  0.75 













h f  i o l o  




Detroi t  



































































-- - --- 
--- --- 
-..- --- 
I i'ci /.iC I . G 2: 
-009 
f 




6 2  ! --- 
1-75 1 --- 
1.39 --- 
2. M --- 
2.C6 0.636 
6 1 1.092 
i 





:.I0 : . $32  
. -- I 
. - 3 ,  , .0;6 
i . l i  i 0.152 
Y O  .I02 
8 i .219 
3 - 1 2  1 .2;9 
2.00 3.330 













































G C  1.5 
C 1.5 
C.\C I. 3 














j. i j 
1.55 
i.2;C 1 O . O j 0  
$ 0  -02" 







. - >- 
1.77 I .016 I .Oi0 
.sob. 1 .020 
I 







I. $ 5  
Z.05 
1. 58 
2 .  .50E 
I-?;= 
t t -105 
! 
1.51 I. JZ6 
1-70 1.27Q 
1.3- . $33 
1-78 1.270 
1 . i  I 0 . 7 ~ 7  
. f 
..- 6 -279 
1.30 j L.IIH 




I j.55- 0-0:; 
1 




I-I‘Y- t 1:::; 
I 
. O X  
b.008 
- Ck!; 






I. 39 . ;J? 
I. 56 1.279 
.559 .d2L 
2.1; 















l.C'42 I 0-OGJ 
I 







TAGI.1: 17 .- Concluded 
%umber oa r i g h t  o f  col- r ep re sen t s  t h e  --ay t r ansve r se  s lope  i n  percent.  
bumdm c o n s t m ~ t i o n .  
Airpor t  
t U l u J u L n  
m l i n e  
Peor ia  
Phi ladelphia  
P i t t s b u r g  
b r t l a n d .  mine 
Rochester. X.Y. 
TULE 18,- U.S. WRWS ASPHALT RLWAY SiRFACE COh'STRCfTlM 










Traff  lcktd .  no rubber 
















9 1  
z7L 




































Year A i rpo r t  
Ac 1.0 
AC 1.0 
Touchdoua area .  
rubber d e p o s i t s  
AlD 
Rapid C i t y  (S. Uak.) - C 14/32 1 9/27 kamscein M - ): 
S a l t  Lake C i t y  (Utah) - C 16L134H 
S a l t  Lake Ci ty  &tall) - C 168134L 
Airpor t  
Hahn A6 - ti 
6AF tli lden Ha l l  - H 
Vierbaden XC - H 
h a l l a s  NM - ti 
Gallup (:;. Nu.) - C 
3enver S t ap le ton  - C 
Denver Stdple ton - C 
Great F a l l s  In t .  - C 
lrot Spr ings  (Va.) - C 
!.asl~ville Metro. - C 
Sioux F a l l s  (ti. Dak.) - C 
Springf ie ld  (k.) - C 
Vrrnal (Gtah) - C 
Uic!iita Nun. - C 
.- 
11e1lingb.w~ (Wash.) - C 
Cedar C i t y  (Utall) - C 
Pease .\FU - H 
Port land Claine) - C 

















S t .  Louis Lubcrt - C 
Aberdem (S. Dak.) - C 
r a m i n s t o n  (N. X u . )  - C 
Greensboro-High Point  - C 
t i i l l  AFE - :i 
Las Vegas (Xev.) - C 
W Bentwaters - N 
RAF L a k s h e a t h  - x 
Rosvel l  (S. )lea.) - C 
Sioux C i t y  (Idaho) - C 
Boise (Idaho) - C 
J a c b o n  l io l r  (L'yo.) - C 
Jauiestovn (h'. Uak.) - C 
Las Vegas (::ev.) - C 
::issoula (:lent.) - C 
Zlonroe (La.) - C 










































2-54 1.i) 1 1.5C9 69 
1.626 1.49 
1-54 1 0.737 
























































- L = 0.61 m I2 1tl . NOSE \YHELL 
- - - I = 3.05 rn (10 ftb - MAIM \YHRL ':/,A vel 
2 
I , rnm!hr *-- _ --- F 0 -* 0 1:. h-lhr 










0 1.0 2.0 0 1-11 2.0 mm 
u I 
0 .od . 0 . .[KI in. 
PANMENf SURFACE TEXTWRE DEPE. T 
Flgure 1.- Rainfall sate required t o  f lood t ire path on conventional 
runway surfaces. Landings on center line. 
IVI ND 
TRANSVERSE \YI RE COhlB ~ J ~ I . I T U D I N A L  BURLAP DRAG 
SURFACE TREATMEKT SURFACE TREAThIENI 
IPLASTIC GROOYlNGl 
AVERAGE TEXTURE DEPTH - 0.81 mm 10.032 in.) AVERAGE TEXTURE DEPTH a28 mm (0.011 in.] 
Figure 2.- Water drainage from concrete rwnway a t  PHF. Water truck 
wetting; runway 6 / 2 4 ;  wind from 60' at 10 knots. 
I Figure 1.- Space shutt le  landinr f a c i l i t y  at  RSC. 
Figure 5 . -  Space s ! ~ * l t t l r  l a n d i n g  f a c i l i t y  zt KSC with slip-form 
pavinr. e : ! ~  i p n r c t  , Icr*cl  in:: : ; ~ b c ,  and l o ~ r i t u d i n . ~ l  broom. 
Figure 5 . -  Space shcttle landing f a c i l i t y  at KSC with 
pavement grooving machine (diamond blades )  . 
LONGITllDINAL - BRODs,l FINISV TJdk\.€-~SL_l;liO\lI F PATTLHN - 
ATD * 0.39 In 0.M nn :,TD 1.70 lo I . Q l  m n  
10.01< l o  0.025 rv.1 13.&i to 0.075 in.) 
Figure 6 . -  I;oncretc runway sur face  texture of  
space shuttle landinp. f a c i l i : ~  a t  KSC. 
Figure 8.- Water drainage from grooved and ungrooved asphalt, 
Grooving pat~ern, 38 x 6 x 6 mm (1: X l X in.). T T 



















0 d 8 12 16 20 24 28 32 
Figure 7.- Surfacz flooding on space shuttle grooved runray 





NASA TRACK E S T :  DC-9 MLC RIB-TREAD TIRE 
wAlER DCPM : 25 TO 3.8 mm (Q.10 TO 0.15 in.) 
TIRE INFLATION PRESSURE: 965 kPa (140 lblin2 
("p)spindown - 106 knots 




' \- TOUCHDOWN 
I 
1 
89 knots 7 
105 knots 
n 2 4 b 8 
TIME . sec 
Figure 9.- Delayed wheel spin-up at  touchdown 
on flooded runway. 
Figure 10.- B-737 tire reverted rubber s k i d  patch af ter  
1 .8  km (6000 f t )  locked-wheel s k i d  on wet smooth 
concrete. 







--- V REVERTED 
-4 /('efi)antiskid RUBBER 
- 
- -  
1971-73 FULL-SCALE AIRCRAFT 
0 
BRAKING TESTS; ARTIFICIAL 
40 la O 40 80 W m l N G  (WATER TRUCKS) 
GROUND SPEED , knots 
Figure 11.- Aircraft f l i gh t  t e s t  con£ irmat ion of reverted 
rubber hydroplaning 1965 NASA track; 32 x 8 . 8  aircraft  
t i r e ;  flooded runway. 
FLU I D  PRESSURE DEVELOFMENT 
GOUGH 3-ZONE COKCEPT W l l H  SPEED UNDER TIRE FOOTPRINT 
ZONE ZONE ZONE 
@ @ 
BULK THIN DRY 





RATIO,  .4 
FLUID 
INFLATION 
Figure 12.- NASA model for combined viscous and dynamic 
t i r e  hydroplaning. 
r DBV BRAKING TEST CALCULATED DBV uskid .a r 
0 5 10 15 
t, sec 
YL (SLIDING TIRE) 
0 -4 .8 1.2 0 40 80 120 
'GI 'P VC . knots 
Figure 13.- Prediction of aircraft  t i r e  f r i c t ion  coef f ic ient  
from ground-vehicle braking t e s t  on a w e t  runway by NASA 
theory . 






FROM HORNE AND MERRITT COMBINED I /' V ISCOUS-DYNAMIC HYDROPLANING THEORY 
I 1 i I J 
0 .2 .4 .6 .8 1.0 
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Figure 14.-  Empirically derived- relationship betwee:; s l id i cg  (fL) 
and rotating (vR) t i r e  hydroplaning parameters. 
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Figure 15.- Aircraftlground-vehicle correlation problem for 
wet and puddled smooth concrete surface. 
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Figure 16.- Aircraft/gr>und-vehicle correlation problem for 
wet and putldled grooved asphalt. 
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Figure 17.- DEV/Mu-Meter relationship found by 
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Figure 18. - DBV/Mu-Meter relationship found by 
FAA t e s t s  on 31 runways.. 
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Figure 19.- Comparison of NASA DBV with Mu-Meter. 
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Figure 20.- Comparison of NASA DBV with skiddometer. 
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Figure 21.- Comparison of Nf2SA DBP with ?iilcs t ra i l er .  
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Figure 22.- Prediction of (;?.I tra i ler  bsk-d from GM t ra i l er  
hax data. ASTH smooth tread t i re ;  data from refrrence 22 .  
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Figure 23.-  Prediction of skiddometer vmx from Miles trai ler  
pskid data. Data from references 21 and 22. 
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Figure 24.- Prediction of skiddometer and GM trailer ha* 
from DBV pskid data. Data from references 21 ,  22, and 30. 
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Figure 25 .- Prediction of skiddometer and GM trai ler  pmx 
from Mu-Meter friction reading (I$ = 7.5O). Data from 
references 21, 22, and 30. 
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Figure 26.- Effect of ground speed on cornering-force-yaw 
angle relationships for 5.60-13 automobile t i r e .  
F, = 2.70 W; p = 167 Wa; froq reference 31. 
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Figure 27.- ?iu-Heter correlation with a ircraf t  stopping 
distances on wet surfaces. 
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Figure 28. - Aircraft /DBV correlation 03 wet runways 
for different  jet transports. 
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Figure 29.- Prediction of aircraft braking performance 
on w e t  runway from DBV braking test. JFK runway 4R/22L; 
grooved concrete; water truck wetting. 
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Figure 30.- Prediction of aircraft braking performance 
on wet runways from DBV braking tes t  for DC-9 and 
C-141 jet  transports. 
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Figure 31.- Prediction of aircraft braking performance on wet 
runway from DBV braking test  for L-737 and L-1011 j e t  
transports. Roswell runway 312 1 ; smooth concrete. 
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Figure 32.- iiumber of grooved runways at  
U.S. air carrier airports. 
(a) Plast ic  ~ r o o v i n ~  w i t 1 1  scgcirintcd drum. 
(b) Plas t i c  grooving k-ith wire cor;h. 
Figure 33.- Lx'mples of p l a s t i c  g r o o v i ~ ~ g  
of I'ort l i i t ~ ~ !  ceti~ent cvi1cr~'tC!. 
Pigurc 36.- Wet s k i d  rcs i s tn l~cc  of sc.\r-ral ricw typo 
runway surface treatments. Art i f  .-  i a l  wet rinr,. 
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Figure 35.- T ire  damage from wheel spin-up at  touchdown on d q  
grooved runway. \?allops grooved concrete; groove pattern, 
25 x 6 X 6 tin (1 x L/4 x 114 in.); CV-990 j e t  transpo t 5 MLG tire,  size 41 x 15.0-18; p = 1102 W a  (160 l b / i n  ) ; 
VG = 125 knots. 
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Figure 36. - :.ui.b~; of poicltt; Lriction course runvajs 
a t  L.S. zir c . ~ r r i c r  .?irports. 
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Figure 37,- Lficct of rubber deposits on rurivny surface testurrb. 
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Figure 33.-  I:f fcct of rubbcr c i c p ( ) s  i t s  t + 1 1  r . t l~ l \ . ; i - :  
t rnction bcforc nr.d ilft4.r g , r t - c . ~ . i ~ ~ ~ , .  
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Figure 39.- Approacii end of &t'tFh runway 25. beforc and af tcr 
rubber removal by Ilig!l-prrs~ure water b l z s t .  
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Figure 40.- tf Eect of rubbc r rc- i .~ovsl  Ly Itigtt-pressure water 
b l a s t  on runway t r a c t i o n .  I..\Fl: runway 2 5 ;  ::uy 1975. 
